OF MICHIGAN 


ae 
. 


Vow. 13° JANUARY 1953 No! 


CONTENTS 
Olea Berg, Martha Edgar, and Myron Gordon. Progressive Growth Stages in the Development _ 
of Spontaneous Thyroid Tumors in Inbred Swordtails, Xiphophorus montezumae . . ig 
") John C. Fardon and John E. Prince. An Attempt To Induce Resistance in an Inbred Strain of : 
Mice by Ligation of a Homologous Tumor . . . 9 
John E. Ultmann, Erich Hirschberg, and Alfred The Effect of 
‘= on the Cellular Concentrations of Nucleic Acids in Regenerating Rat Liver. . . 14 
+» Charles E. Wenner and Sidney Weinhouse. Metabolism of Neoplastic Tissue. ITT. Diphoephe- 
a pyridme Nucleotide Requirements for Oxidations by Mitochondria of Neoplastic and Non- 
neoplastic Tissues . . 21 
> Grace Medes, Alice Thomas, pind Sidne Weinhouse. Metabolism of Neoplastic Tissue: IV. 
Study of Lipid Synthesis in Neoplastic Tissue Slices in Vitro. 27 
Edward L. Bennett, Donald E. Pack, Barbara J. Krueckel, and Selon C. Wesiver. The Dis- 
-» _ tmbution of Stilbamidine in the Livers of Normal and Sarcoma-bearing Mice . . . 
= Martha J. Pollak, Arthur Kirschbaum, and Joseph — Refractoriness in the Therapy 
of Transplanted Mouse Leukemia. 39 
Ritchie, Philippe Shubik, Mentague ind E. P. ‘ede The Effect of Cortisone on 
= =the Hyperplasia Produced in Mouse Skin by Croton Oil .. 45 
» Arnold E. Reif and Van R. Potter. In Vivo Inhibition of Suecinoxidase Activity in ‘Notmal anil 
Tumor Tissues by AntimycinA . . 49 


S. N. Greene. The Induction of the in of Rabbit 


Wilhelm S. Albrink an S. N. The Transplantation of between: Zoological 

asses 

Gordon C. Mills J L. Wood. Effect of Lisht-activated on Unese Activity . 69 

| Berta Scharrer. Insect Tumors Induced by Nerve Severance: Incidence and Mortality . . . 78 

& A. C. Griffin, A. P. Rinfret, and V. F. Corsigilia. The Inhibition of Liver Carcinogenesis with 

in Hypophysectomized Rats . . 77 

\— Hisako O. Yokoyama, Margaret E. Wilson, Kenneth K. Tsuboi, and Robert E. Stowell. 

"Regeneration of Mouse Liver after Partial Hepatectomy . . 80 

Margaret E. Wilson, Robert E. Stowell, Hisako O. aind K. Tsuboi. | 

a Cytological Changes in Regenerating Mouse Liver . . . 86 ee: 

J. A. Miller, E. C. Miller, and G. C. Finger. On the Saleataieabinat of the Carcinogenicity of of 
4-Dimethylaminoazobenzene by Fluoro-Substitution .. «98 


THE OFFICIAL ORGAN OF THE 
4 AMERICAN ASSOCIATION FOR CANCER RESEARCH, INC, 
Published by THE UNIVERSITY OF CHICAGO PRESS. 


a. 


| 
| 
] 
> 
] 
% 
4 

: 
i x 
<n tie 2 
a? 
‘ 
ter 
Wy 
| 
ee 
| 
' 
=| 
£ 
i 
te 
‘ 
aye 
‘ 
‘ 
Se 
| 
| 
j 
4 
z 
J 
- 


CANCER RESEARCH 


This journal is sponsored by The American Association for Cancer Research, Inc.; The 
Anna Fuller Fund; The Jane Coffin Childs Memorial Fund for Medical Research; The 
Elsa U. Pardee Foundation; and The American Cancer Society. 


Harotp P. Ruscn, Editor-in-Chief 
B. Technical Editor 


Editorial Advisory Board 


JosEerH C. AuB SAMUEL GRAFF Ina T. NaTHANSON 
JOHN J. BirtNER Harry S. N. GREENE C. P. Ruoaps 
Austin M. Bruzs P. GREENSTEIN J. Rreer 

Date R. Coman Ericn 


E. V. CHARLES HuGGINs E. Srz a 


Hues J. CREECH ArTHUR KiIRsSCHBAUM 
C. Curester Stock 


M. DEMEREC ALBERT L. LEHNINGER 

F. Duran-REeYNALS CC Rosert E. STOWELL 
JacoB FurtTH Lucxé TANNENBAUM 
W. U. Garpner G. Burrovucus Miner SHIELDS WARREN 


ALFRED GELLHORN JAMES A. MILLER Arnotp D. Wetcu 


NOTICE TO MEMBERS OF THE AMERICAN ASSOCIATION FOR CANCER RESEARCH 


Officers for 1952-53 
President: Srantey P. Remann, Lankenau Hospital Research Institute, Philadelphia 11, Pa. 
Vice-President: Haroutp P. Ruscu, University of Wisconsin, Madison 6, Wis. 
Secretary-Treasurer: Huau J. Cruncu, Institute for Cancer Research, Fox Chase, Philadelphia 11, Pa. 
Changes of address of members of the American Association for Cancer Research should be sent promptly 


to Dr. Creech for recording in the files of the Association and also to insure receipt of the journal CANCER 
RESEARCH by active members of the Association. 


CANCER RESEARCH is published monthly for Cancer Research, Inc., by the University of Chicago Press, 
5750 Ellis Avenue, Chicago $7, Illinois. Subscriptions are by volume only and are payable in advance. The 
subscription price is $12.50 per volume; the price of single issues is $1.25. Orders for less than a full volume will 
be charged at the single-issue rate. Postage is prepaid by the publishers on all orders from the United States 
and its possessions. No extra charge is made for countries in the Pan American Postal Union. Postage is charged 
extra as follows: For Canada and Newfoundland, 50 cents per volume (total $13.00), 5 cents per issue (total 
$1.30) ; for all other countries in the Postal Union, $1.00 per volume (total $18.50), 10 cents per issue (total $1.85). 


The following is an authorized agent: 
For the British Empire, except North America and Australasia: 


Cambridge University Press, Bentley House, 200 Euston Road, London, N.W. 1, England. _— of sub- 
scriptions and of single copies may be had on application. 


Business communications, remittances (in United States currency or its equivalent), and abcuauaee 
should be addressed to Toe Untversiry or Cuicaco Press, 5750 Ellis Avenue, Chicago 37, Illinois. All other 
communications should be addressed to Harold P. Rusch, M.D., McArdle Memorial Laboratory, University 
of Wisconsin, Madison 6, Wisconsin. 


Claims for missing numbers should be made within the month following the regular month of publication. 
The publishers expect to supply missing numbers free only when losses have been sustained in transit and when 
the reserve stock will permit. 


No responsibility i is accepted by the Editors, by Cancer Research, casted or by the publishers of CANCER 
RESEARCH for opinions expressed by contributors. 


Notice To Susscripers: If you change your address, please notify us and your local postmaster immedi- 
ately. 


Entered as second-class matter, February 15, 1948, at the post office at Chicago, Ill., under the Act of 
March 3, 1879. 


_ Acceptance for mailing at special rate of postage provided for in United States Postal Act of October 8, 
1917, Section 1108, amended February 28, 1925, authorized June 1, 1080, 


Copyright 1953 by Cancer Research, Inc. 


5 
| 
' | : 
: 
| 
| 
| | 
4 
bd 
‘ 
ape 
vin, 
4 
Me 
Waites cl, 


CANCER RESEARCH 


VoLuME 13 


JANUARY 1953 NuMBER | 


Progressive Growth Stages in the Development of Spontaneous 
Thyroid Tumors in Inbred Swordtails 
Xiphophorus montezumae™ 


Oca Berc, Martua Epcar, AND Myron Gordon 


(Aquarium, New York Zoological Society, New York, N.Y.) 


Almost 50 years ago Gaylord and Marsh (5) 
and Marine and Lenhart (11, 12) showed that 
thyroid tumors in hatchery-reared trout developed 
from hypertrophied and hyperplastic thyroid tis- 
sue. The tumors invaded and replaced muscle and 
bone; one tumor metastasized to the wall of the 
rectum. Gaylord and Marsh classified the tumor 
as a carcinoma, but Marine and Lenhart regarded 
it as a severe endemic goiter, because (a) iodine 
inhibited the hyperplasia, (b) the incidence of the 
tumor was directly related to the quality of the 
water, and (c) the tumor appeared in young fish 
and often regressed with age. Schlumberger and 
Lucké (15) suggested that all the thyroid tumors 
in trout might not be alike; most of them could be 
extreme hyperplastic growths, while the one that 
metastasized was a true carcinoma. 

The present report will describe the develop- 
mental stages of the thyroid tumor in inbred 
laboratory-reared Montezuma _ swordtails. The 
thyroid tissue of these fishes will be compared to 
similar material obtained from wild swordtails 
taken from their natural habitat and fixed at the 
site of their capture, in Mexico. 


MATERIALS AND METHODS 
The laboratory-reared swordtails have been 
propagated since their initial introduction in 1939 
by methods described by Gorbman and Gordon 


* From the Genetics Laboratory of the New York Zoologi- 
cal Society at the American Museum of Natural History, New 
York 24, N.Y. Aided by a grant from the National Cancer In- 
stitute, National Institutes of Health of the U.S. Public 
Health Service (Myron Gordon, Principal Investigator). 
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(8) and Gordon (9). The fish have been kept in 
well conditioned fresh water that, for many years, 
has been used over and over again. The condi- 
tioned water has been interchanged among the 
tanks containing members of six other species of 
xiphophorin fishes. The diet of all fishes contained 
dried, shredded ocean shrimp, liver, cereal, and 
living tubificid worms; in addition, the young fish 
were fed live daphnids. 

The present report is concerned primarily with 
an analysis of the thyroidal tissue in two laborato- 
ry strains of swordtails (Figs. 1 and 2 and Chart 1). 
The fish of strain 38* represent seven generations 
of inbreeding, the last three being brother to sister 
matings. The members of strain 43 have a similar 
genetic history for the first four generations; the 
last three generations represent close inbreeding 
but not by brother to sister matings. 


For a histological study of the thyroid follicles, the lower 
jaw of each fish was removed and fixed in Bouin’s fluid. The 
jaws of the older fish required decalcification with nitric acid 
and phloroglucin. The tissues were sectioned at 6 » and stained 
with either Mayer’s hematoxylin-eosin or Masson’s trichrome 
stain. 

The height of the epithelial cells of the thyroid was meas- 
ured by a modification of the method suggested by Rawson and 
Starr (14), who measured the greatest height of one epithelial 
cell from each of 200 different follicles. Because most Monte- 
zumas did not have 200 follicles, we measured either one cell 
from each follicle or one cell from each of 50 different follicles. 
To avoid measuring the same cell twice, 24 sections were 
skipped between critical sections. 

Since the epithelial cells in each follicle varied greatly in 
size in fishes with hypertrophied tissue, the proper selection of 
a particular cell for measurement was difficult. Preliminary 
test analyses were made, first by measuring the smallest, then 
an intermediate, and finally the tallest thyroid follicle cells in 
each of several fish. In each series the mean height of epithelial 
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Cuart 1.—The genetic history of two laboratory strains of 
Montezuma swordtails, 38? and 43. They are the seventh-gen- 
eration descendants of those collected in 1939 from Mexico. 
All the members of the seventh generation developed tumors, 
although tumors appeared in appreciable numbers in members 
of the third and fourth generations. The tumors develop earlier 
in the members of strain 38’ than in the members of strain 43. 
Note that the members of strain 383 have been produced by 
three generations of brother-to-sister matings. 


The mating procedure followed may be illustrated by trac- 
ing the history of tumorous fish 38%. In the mating of 33-5 and 
33-15 the female and male were non-tumorous but some of 
their siblings were tumorous. To diagram this mating the hori- 
zontal line connects the white areas of the circle and the square. 
In the next mating, below, a tumorous female (38-1) was mated 
to a non-tumorous male (38-11). In this instance, the horizon- 
tal line connects the black area of the circle to the white area 
of the square. 
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cells increased as the thyroid tissue become more abnormal. 
The standard errors were lowest in the series of measurements 
of the smallest cells; hence, these are the measurements which 
were used. 

The distribution of the thyroid tumors between the sexes 
was noted. The length of each fish was recorded as the distance 
between the anterior tip of the snout and the end of the uro- 
some, to determine whether a relationship exists between the 
size of the fish and stage of development of the tumor. 


RESULTS 


HistoLoGcy OF THE TissuE From WILp 
MONTEZUMA SWORDTAILS PRESERVED AT 
THEIR SITE OF CAPTURE 

Fourteen wild swordtails (six immature, three 
adult females, and five adult males, fixed in 10 per 
cent formalin at their site of capture) were ex- 
amined. The thyroid elements in the wild sword- 
tails, as in most teleosts, were unencapsulated 
(Gudernatsch [10]) and consisted of isolated fol- 
licles distributed in the stroma along the ventral 
aorta and the bases of the first, second, and third 
aortic arches. They were most numerous between 
the first and second arches, and just anterior to 
the third arch; none were in the gills. 

The variation in the number of follicles was 
great, being 13-35 in immature fish (Fig. 2), 33- 
75 in seven of the mature fish, and 108 in one male. 
The number of follicles tended to vary directly 
with the size of the fish (r = + 0.88). 

In thirteen of the fourteen wild fish fixed in the 
field, each follicle was composed of flat to low 
cuboidal epithelial cells, 2-4 » in height (Fig. 2), 
with centrally located, elongated nuclei. In the 
fourteenth, an exceptional wild male with 108 fol- 
licles, the epithelial cells in several follicles were 
columnar. The columnar cells contained a colloid- 
like substance at the basal ends and nuclei at the 
apical ends. 

In mature wild fish the epithelial cells inclosed a 
lumen filled with dense, sometimes granular, acido- 
philic colloid in which occasional epithelial cells 
were suspended. In the immature fish the colloid 
was sparse. 


HistoLoGy oF THE Tissue or LABORATORY- 
REARED SWORDTAILS OF THE First GENERATION, 
STRAIN 21 

Three adult fish from strain 21, representing the 
first generation of laboratory-reared Montezumas, 
fixed in formalin in 1940, were available for analy- 
sis. Unfortunately, after 12 years the fish were in a 
poorly preserved state, and their tissues did not 
react favorably to histological technics. The com- 
plete distribution of the thyroid follicles could not 
be determined, but thyroid follicular structure was 
similar to that of the adult wild fish fixed in 
Mexico. 


HisTOLoGy OF THE Tuyroip TISSUE OF THE LABORATORY- 
REARED MEMBERS OF THE SEVENTH GENERATION OF 
THE SWORDTAILS, STRAIN 38% 

Both parents of the members of strain 38% had 
large, externally visible thyroid tumors. Fifteen of 
their offspring were sacrificed for a study of the de- 
velopment of the thyroid tumor. 

Two fish were fixed on their day of birth; one 
had 22, the other 23, thyroid follicles. In all sig- 
nificant respects, the follicles resembled those of 
the immature wild fish fixed in the field. 

Two fish were fixed 1 month after birth. They 
had twice as many follicles as did the 1-day-old 
animals. The new follicles appeared to multiply by 
budding from the older follicles. The epithelial 
cells of the follicles were columnar, 4-6 y in 
height, and were significantly taller ($, = 3.18) 
than those of the wild fish. The nuclei of the 
epithelial cells are centrally located in one fish and 
basally in the other. | 

Five fish were sacrificed 2 months after birth. 
Their lengths were in the same range as those of 
the immature wild fish (14-21 mm.). The thyroid 
glands in the laboratory-reared fish had very much 
less stroma and many more thyroid follicles than 
the glands of the wild fish. The follicles extended 
from the first aortic arch posteriorly to the fourth 
aortic arch. The blood vessels and capillaries near 
the follicles were engorged with red blood cells, 
some of which lay outside the vessels. The epi- 
thelial cells were 7-9 yw high; their nuclei were 
eccentric in position (Fig. 3). No lumen was pres- 
ent in some follicles; others contained homogene- 
ous, acidophilic colloid in scant amounts. These 
glands were typical of hyperactive thyroids as de- 
fined by Cowdry (4). Two mitotic figures were 
found in the thyroid epithelial cells of one fish; 
they were the only mitoses observed in all the 
swordtails examined. 

Two fish were sacrificed at 24 months of age. 
Both contained over 125 follicles, many of which 
were either distorted in shape or partially disinte- 
grated. They extended from the first to the fourth 
aortic arches. The follicle cells were of the same 
size and shape as those of the 2-month-old fish and 
occasionally contained a colloid-like substance. 


Four fish were sacrificed at 5 months of age. 
Their thyroid tissue extended from the first aortic 
arch to the base of the ventral aorta. A few large 
colloid-containing follicles bounded by cuboidal or 
columnar epithelial cells were found near the first 
aortic arch, at the base of the ventral aorta, and at 
the ventral margin of the lower jaw. The rest of 
the thyroid tissue was composed of hypertrophied 
epithelial cells. Their nuclei were swollen and 
basal in position; their cytoplasm was acidophilic 
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and occasionally contained a granular, colloid-like 
substance. Some of the epithelial cells were single, 
others formed small groups, still others were ar- 
ranged in cords or in microfollicles. The epithelial 
cells did not extend into the gills, or around the gill 
cartilage or bone, but in one animal they sur- 
rounded some of the opercular musculature (Figs. 
4 and 5). The over-all histological picture was one 


months of age, were fixed for the purpose of com- 
paring the early and late developing tumors. 
Five fish were sacrificed at 6-6} months of age. 
Four of the five had 52-58 thyroid follicles with 
dense colloid. Their epithelial cells were either low 
cuboidal, high cuboidal, or columnar; they were 
neither swollen nor hypertrophied but for the most 
part were taller than those in the wild fish. (The 


Cuart 2.—Representative thyroid follicles from Monte- 
zuma swordtails. Left: inactive thyroid follicle from a normal, 
wild swordtail; note the low cuboidal epithelial cells at the 
periphery and the evenly dispersed colloid in the center. Right: 


of a solid mass of cells in a highly vascular area 
that was frequently hemorrhagic. Very little con- 


nective tissue stroma was present. 


Fifteen fish, of the same brood, now 73 months 
old, are still under observation; one of them, a 
male, shows externally the beginning of a thyroid 
tumor. 


HisToLoGy OF THE Tissue OF LABORATORY- 
REARED SWORDTAILS OF THE SEVENTH 
GENERATION, STRAIN 43 

The male parent of strain 43 had a small, mac- 
roscopically visible thyroid tumor; the female did 
not. The thyroidal tissues of two of their 5-month- 
old young were examined and found to be normal. 
Fifteen of their offspring, between 5 and 12 


hypertrophied follicle from a pretumorous, laboratory-reared 
swordtail; note the high columnar epithelial cells with eccen- 
trically placed nuclei and the sparse colloid. Camera lucida 
drawing. Mag. X330. 


glands apparently were highly active but not 
atypical.) The remaining swordtail was 64 months 
old and had 165 small, compact follicles with 
columnar epithelial cells. 

Two fish were sacrificed at 7 months of age. One 
had many follicles with comparatively low epi- 
thelium and predominantly basophilic colloid. 
The other had very few follicles, all filled with 
sparse acidophilic colloid and lined by greatly 
hypertrophied epithelial cells with swollen nuclei. 
The epithelial cells of this abnormal male were 
compared to those of a normal swordtail in Chart 
2. 

Three fish were sacrificed at 10-11 months of 
age. They had hypertrophied and hyperplastic 
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tissue comparable to that of the 23-month-old 
members of strain 38°. 

One fish fixed at 10 months and two others sacri- 
ficed at 12 months of age had tumorous thyroid 
tissues comparable to those in the 5-month-old 
members of strain 38°. The first externally visible 
thyroid tumor appeared in a 10-month-old male. 
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Cuart 3.—The relationship between the number of thyroid 
follicles and the length (growth) of Montezuma swordtails. 
Right: white circles (0) represent normal, wild swordtails 
fixed at their site of capture in Mexico. Note the gentle slope 
of the regression line indicating that as the fish increase in 
length there is a gradual increase in the number of their thy- 
roid follicles. Left: black circles (@ ) represent laboratory-reared, 
tumor-susceptible swordtails of strain 38*. Note the steep slope 
of the regression line, indicating that as the fish grow there is a 
rapid increase in the number of their thyroid follicles. 


Eight fish, six females and two males, now 17 
months old, are still alive; all except two females 
have externally visible thyroid tumors. 


NuMBER OF THYROID FOLLICLES IN RELATION TO 
STRAIN OF FIsH 


At birth both normal and tumorous Monte- 
zuma swordtails have few thyroid follicles. As the 
fish develop, the number of follicles increases; but 
there is a distinct difference in their rate of multi- 
plication in normal and tumor-susceptible sword- 
tails. They increase slowly in wild swordtails, 
quite rapidly in laboratory swordtails of strain 43 
(in which tumors develop at the end of a year), 
and extremely rapidly in members of strain 38% 
(which become tumorous 5 months after birth). 

In Chart 3 the number of follicles is plotted 
against the lengths of the wild fish and of the fish 
from strain 38?. In Chart 4, the number of follicles 
is plotted against the age of the swordtails of 
strains 43 and 38%. The comparisons are made as 
indicated, because no age records are available for 
the wild fish and no young swordtails of strain 43 
were examined. Each of the two comparisons is 
valid because, from birth to sexual maturity, the 


age and length of poeciliid fish are positively cor- 
related (Chavin and Gordon [3}). 


The relative positions of the two regression lines 
and their slopes illustrate the differences in the 
rate of increase of the thyroid follicles in the vari- 
ous strains of fish. In Chart 3, the regression line 
for strain 38 is to the left and that for the wild 
fish to the right, indicating that young wild sword- 
tails have fewer follicles than laboratory-reared 
swordtails. The slope of the left regression line is 
much steeper than that of the right, showing that 
the increase in the number of thyroid follicles is 
more rapid in pretumorous than in wild sword- 
tails. 

Furthermore, Chart 4 shows that the increase 
in the number of thyroid follicles is more rapid in 
those swordtails that will develop tumors after 6 
months than in those that do not develop tumors 
until they are 1 year old. 


Macroscopic APPEARANCE OF THE THyrROID TUMOR 
IN SWORDTAILS OF VARIOUS AGES 
Thyroid tumors were detected externally in 27 
of the 34 members of strain 382, which has been in- 
bred for six generations. The first tumor appeared 
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Cuart 4.—The relationship between the number of thyroid 
follicles and the age of Montezuma swordtails. Right: white 
circles (0) represent laboratory-reared swordtails of strain 43. 
(Members of this strain develop tumors when 12 months old.) 
Note the slope of the regression line indicating that as the fish 
age there is a fairly rapid increase in the number of their thy- 
roid follicles. Left: black circles (@) represent laboratory-reared 
swordtails of strain 38°. (Members of this strain develop tu- 
mors when 6 months old.) Note the steep slope of the regression 
line indicating that as the fish age there is a more rapid increase 
in the number of their thyroid follicles. 


in a 24-month-old female swordtail. Ten months 
later 27 of the 34 fish had visible thyroid tumors 
(Table 1). Four of the remaining seven, without 
visible tumors, were dissected. Each had a small 
tumor at the base of its tongue. 

The growth of one tumor was closely observed 
after it was first detected as a small, pale, almost 
invisible lump in a 30-month-old female. At 34 
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months the tumor extended beneath the opercula 
where it grew rapidly and spread to the gill region. 
At 35 months the female became moribund and 
was sacrificed. Her right operculum was dissected 
away, exposing a large, firm, white tumor that 
projected from the gills to the heart, was almost as 
wide as the body cavity, and was 3 the size of the 


TABLE 1 


AGE AT WHICH THYROID TUMORS IN 34 
MEMBERS OF THE SIXTH GENERATION 
INBRED STRAIN, 38%, OF THE SWORDTAIL 
X. montezumae WERE DETECTED EXTER- 


NALLY 

AGE FEMALES MALES 
(months) Tumor Notumor Tumor No tumor 

24 1 25 0 8 

29 13 13 2 6 

34 22 4 5 3 
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Cuart 5.—An adult female Montezuma swordtail showing 
a large thyroid tumor in the region of the gills which developed 
in less than 5 months. The tumor is { of the size of the head 
and extends from the gills to the region of the heart. Mag. <4. 


head (Chart 5). This tumor, one of the largest in 
this species, is noteworthy, because it grew to its 
large size in less than 5 months. 


GENETIC LINKAGE 


Since the development of thyroid tumors in 
swordtails is evidently under some polygenic con- 
trol, it seemed possible that some of those genes 
might be linked to some of the known color pattern 
genes. The Montezuma has two dominant genes 
that control the distribution of macromelano- 
phores or large black pigment cells on the body: 
Sc for macromelanophore spotting in the caudal fin, 
Sp for similar spots on the body proper. The reces- 
sive is indicated as + and denotes the absence of 
macromelanophores. The macromelanophore pat- 


tern of each fish was recorded in broods of strain 
38? (Table 2). The analysis demonstrated that 
there was no linkage between the presence of Sp, 


TABLE 2 


THYROID TUMOR INCIDENCE IN MEMBERS OF THE 
SIXTH GENERATION INBRED STRAIN, 387, OF THE 
SWORDTAIL X. montezumae, 28 MONTHS OLD 


MACROMELANO- FEMALES MALES 
PHORE PATTERN Tumor No tumor Tumor No tumor 
Spotted-caudal 4 1 0 1 
Spotted-sides 4 7 1 4 
None 5 5 1 1 
Total 13 13 2 6 


Sc, or the recessive (+) genes and the presence of 
thyroid tumors. 


DISCUSSION 

The observations of Gaylord and Marsh (5) on 
the development of thyroid tumors in hatchery- 
reared trout may be compared to those of Arono- 
witz (Berg), Edgar, and Gordon (1) on the de- 
velopment of similar tumors in laboratory-reared 
swordtails. The salient comparative details are 
presented in Table 3. Four changes—namely, 
hypertrophy of follicle cells, hyperplasia of fol- 
licles, reduction of colloid within the follicles, and 
hyperemia—were characteristic of both tumors. 
Hyperplasia of the connective tissue around the 
follicles was found in the trout but not in the 
swordtail. 

In both kinds of wild fishes hypertrophy and 
hyperplasia of the follicles are occasionally found, 
but actual thyroid tumors, although rare, have 
been found only in wild trout (Table 3). 

Gorbman and Gordon (8) stated that one seem- 
ingly significant difference between the thyroid 
tumors of the swordtails and those of trout is the 
age at which they develop. In trout the tumors are 
relatively large in young animals, but they later 
diminish or regress in some older animals. On the 
other hand, the growths appear at maturity in the 
fifth generation laboratory-reared swordtails and 
grow until death intervenes. The tumors in the 
seventh generation swordtails are fully formed by 
5 months. Apparently, tumors develop earlier in 
members of the more highly inbred tumor-bearing 
strains, suggesting that the time of tumor develop- 
ment depends to some degree upon their genetic 
constitution. 

The Montezuma represents one of the seven 
species of xiphophorin fishes that have been main- 
tained by inbreeding for many generations under 
practically identical environmental conditions. 
In only two species, montezumae and pygmaeus, the 
majority of a brood becomes tumorous. Gorbman 
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and Gordon (8) suggested that the laboratory- 
reared Montezumas may have an extremely high 
iodine requirement—one which exceeds the ordi- 
nary dietary supply. They pointed out, however, 
that the dried ocean shrimp, which composes a 
large part of their diet, has a high concentration of 
iodine. It is worth noting that Nigrelli (13) and 
Schlumberger and Lucké (15) have reported that 
several species of marine fishes maintained under 
aquarium conditions develop thyroid tumors. 

In following up the lead on a high iodine re- 
quirement, two series of experiments are now in 
progress: (a) the raising of young swordtails in 
iodized water of known concentration and (b) the 
treating of tumorous animals with potassium 
iodide, thyroxine, or whole dessicated thyroid. 


rine and Lenhart (11, 12) rather than that of Gay- 
lord and Marsh (5) and regard the thyroid tumor 
of the trout as a severe endemic goiter rather than 
a true carcinoma. It is difficult to differentiate be- 
tween cancerous and benign thyroid tumors in 
trout and swordtails where the two criteria, in- 
vasiveness and metastasis, are not applicable, be- 
cause (a) the thyroid tissue is not encapsulated, 
and the point at which invasiveness begins cannot 
be precisely determined, and (b) the tumors rarely 
metastasize even when highly malignant. 

The developmental pattern of the swordtail 
thyroid tumor may be profitably contrasted with 
the developmental pattern of malignant human 
thyroid tumors. According to a review by Gorb- 
man (7), the most malignant thyroid tumors in 


TABLE 3 


CHARACTERISTICS OF NORMAL AND TUMOROUS THYROIDAL TISSUE IN SPECIES OF 
WILD AND DOMESTICATED TROUT AND MONTEZUMA SWORDTAILS 


SworRDTAILS 
PRETUMOROUS TUMOR Trout Wild Laboratory 
CHANGES Wild Hatchery “43” “383” 
Hypertrophy of fol- occasional extreme occasional extreme extreme 
licle cells 
Reduction of colloid normal extreme normal extreme extreme 
in follicle 
Hyperplasia occasional extreme occasional extreme extreme 
Hyperemia absent present absent present present 
Hyperplasia of con- absent present absent absent absent 
nective tissue 
incidence very rare endemic at not seen* 100 per cent 100 per cent 
one time 
time of de- unknown by 4 months by 6 months by 1 year 
velopment 
time of re- after 3 years never has re- never has re- 
gression gressed in any fT gressed in anyT 


* Among approximately 1,000 wild swordtails examined. 
+ Some are 8 years old, almost the maximal attainable age. 


Preliminary results indicate that the tumors re- 
gress under these treatments and that potassium 
iodide has a prophylactic effect. 

The incidence of the thyroid tumor is 100 per 
cent only in the most highly inbred strains of 
Montezuma swordtails, suggesting that the in- 
cidence of tumors may be related to polygenes 
which become homozygous upon inbreeding. Since 
thyroid hyperplasia is found more frequently in 
many species of fishes living under aquarium con- 
ditions than in the wild state, the role of the en- 
vironment, particularly the quality of the water, 
will have to be carefully evaluated and correlated 
with the genetic influences. 

The basic similarity between the thyroid fol- 
licles of all vertebrates has been stressed by Gold- 
smith (6). According to Bullock and Curtis (2) and 
Slye, Holmes, and Wells (16), spontaneous thyroid 
carcinomas are found in the primate mammals and 
are rare in all nonprimate and nonmammalian 
vertebrates. These authors take the view of Ma- 


man originate from hypoplastic glands. The 
growth of tumors in the swordtail and the trout 
was preceded by hyperplastic growth of the thy- 
roid tissue. Therefore, the fishes’ pattern of de- 
velopment is more typical of endemic goiter than 
of true carcinoma. This inference is strengthened 
by the knowledge that the thyroid tumors of 
fishes regress when treated with iodine or thyrox- 
ine. 
SUMMARY 

The progressive stages in the development of 
the thyroid tumor of the swordtail, Xiphophorus 
montezumae, are as follows: 1. Day-old fish have 
20-30 thyroid follicles, lined by flat or low cuboidal 
epithelium, scattered in the stroma around the 
ventral aorta, but not in the gills. 2. The follicle 
cells increase in size and become high columnar. 
3. The number of thyroid follicles increases; the 
blood capillaries in the region of the follicles be- 
come and remain engorged with red blood cells. 
4. The epithelial cells of the new follicles simul- 
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taneously increase in number and size; some of the 
blood capillaries rupture, and individual red blood 
cells are found close to the follicular cells. 5. The 
follicle configuration becomes distorted. 6. The 
follicles disintegrate. 7. Tumorous growths de- 
velop composed primarily of a mass of epithelial 
cells, microfollicles and hemorrhages. 8. Muscles in 
the region of the ventral aorta are surrounded by 
tumorous afollicular epithelial cells. 9. Tumor cells 
destroy the deeper musculature, the gill filaments, 
cartilage, and bone. (At this stage the thyroid 
tumor is visible externally.) 10. Death may be due 
to destruction of visceral gill arches and the conse- 
quential interference of normal respiration. 

Highly inbred fish, from brother-to-sister mat- 
ings between members of a thyroid tumor-suscep- 
tible strain, develop tumors earlier in life than 
those from less intensely inbred strains. This sug- 
gests that genes influencing the growth of thyroid 
cell elements accumulated in the members of the 
inbred strains. 

A comparison was made between the thyroid 
follicles of wild young fish taken directly from 
their natural habitat in Mexico, and young fish 
laboratory-reared for seven generations. In both 
wild and laboratory fishes the number of follicles 
increase with age and length, but the increase is 
far more rapid in the laboratory fishes. 
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reared swordtails of strain 38%. All sections are stained with 
hematoxylin-eosin. 

Fic. 3.—From a 2-month-old swordtail. Note the absence of 
lumina and the extreme vascularization of the stroma. Mag. 
X510. 

Fic. 4.—From a 5-month-old male swordtail. This thyroid 
tumor was revealed by histological methods. Note the begin- 
ning of muscle invasion by tumor cells. Mag. 440. 

Fig. 5.—From a 5-month-old male swordtail. This thyroid 
tumor was revealed by histological methods. Note the absence 
of follicular structure and the cordlike arrangement of cells. 
Mag. X 143. 
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An Attempt To Induce Resistance in an Inbred Strain 


of Mice by Ligation of a Homologous Tumor” 


JoHN C. FARDON AND JOHN E. Prince 


(Division of Biology, Institutum Divi Thomae, Cincinnati, Ohio) 


It was observed by Allen (1) that occlusion of 
the blood vessels of neoplasms in man and in some 
of the lower animals for 3-12 hours damaged ma- 
lignant tissues more than normal tissues. Later, 
Lewis and Aptekman (10, 11) found that, by em- 
ploying a similar procedure, they could induce in 
an inbred strain of rats a resistance to a sarcoma 
indigenous to the strain. 

In our laboratory, attempts were made after 
the manner of Lewis and Aptekman (10) to in- 
duce, in an inbred strain of animals, resistance 
against a tumor homologous to the strain by caus- 
ing an initial tumor implant to atrophy through 
occlusion of its vascular supply. Our investiga- 
tions, with an inbred strain of mice instead of 
rats, failed to confirm the work of Lewis and Ap- 
tekman, although several procedures were em- 
ployed in an effort to induce tumor resistance. 

In our preliminary investigations the findings 
were for the most part negative, and in some cases 
inconsistent. This report presents the results of a 
series of experiments designed particularly to at- 
tempt to trace some of the inconsistencies en- 
countered. 


EXPERIMENTAL PROCEDURE 


A total of 147 DBA/1 female mice (4-5 weeks 
of age), obtained from the Roscoe B. Jackson 
Memorial Laboratory, was employed in these ex- 
periments. The transplantable mammary carci- 
noma dbrB, homozygous to the strain, was used in 
all experiments. Sixty mice (with the exception of 
the controls and three groups of ‘“‘recipients’’) 
were given a subcutaneous inoculation of 0.1 ce. 
suspension of 1 part of minced tumor tissue to 
9 parts of 0.9 per cent normal physiological solu- 
tion. Directly after inoculation, the mice were 
housed in individual cages and separated into four 
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groups of fifteen mice. Tumor volumes were de- 
termined (three dimensions with calipers) 7, 9, 
and 12 days postinoculation. Twelve days post- 
inoculation, the tumors of all mice were ligated by 
lifting the tumors and the skin and tying several 
loops of strong thread around the bases of the 
tumors. In this manner the tumor was confined 
in a tightly closed pocket of skin.! Twenty-four 
hours later, the ligatures were removed from the 
tumors of one series of mice (group A). Each 
atrophied tumor was excised under aseptic condi- 
tions and divided into two equal parts. One frag- 
ment was used for auto-implantation (group A). 
The other fragment was transplanted (homo- 
transplant) to a “recipient,” in fifteen mice con- 
stituting group B (each donor and recipient was 
identified for future comparison). The ligatures 
were removed from the tumors of fifteen additional 
mice after 48 hours, and half of the excised tumors 
were used for auto-implant (group C) and homo- 
transplant (group D). The ligatures were removed 
from another fifteen mice after 72 hours, and simi- 
lar auto-transplants (group E) and homo-trans- 
plants (group F) were performed. In another series 
of mice (group G), the tumors were ligated “‘per- 
manently.”” When the auto-transplants, homo- 
transplants, and “permanently” ligated devital- 
ized tumors had been in part or completely re- 
sorbed in their hosts (23 days postligation), all 
groups, including the control group I, were given 
subcutaneous inoculations of viable dbrB tumor 
suspension in amounts equal to the original inocu- 
lations. (Mice in group H, which were also “‘per- 
manently” ligated, were not given a challenge 
dose, but were merely kept for observation.) 
Thereafter, volumes of the “test” or “‘challenge”’ 
tumors were determined after 7, 9, 12, and 15 days 
postinoculation. 

The preparation and inoculation of tumor sus- 
pension, the ligation of tumors, and the measure- 
ment of tumor volumes were performed by one 


1During the course of this work, the ligation technic was 
employed independently by Zahl (16). 
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person in order to obviate as much as possible 
variations in technic. 


EXPERIMENTAL RESULTS 


It will be noted from an inspection of Tables 1 
and 8, that the volumes of the tumors in groups A, 
C, E, G, and H exhibited good uniformity whether 
measured on the seventh, ninth, or twelfth day 
following inoculation of the original viable tumor 
suspension. It was thus indicated that the tumor 
employed was reasonably homogeneous, the strain 
comparatively pure, and the inoculation technic 
fairly consistent. 

Table 2 shows the response of groups A and B 
to the test tumor inoculation given 23 days post- 
ligation. Comparing group A, in Table 1, to group 
A, in Table 2, it will become apparent at once 
that the auto-transplantation of 24-hour ligated 
tumors did not promote resistance against the 
challenge tumor. The uniformity in response to 
viable tumor inoculation persisted (compare aver- 
ages of 0.08, 0.5, 1.34 of group A in Table 2 to 
averages of 0.07, 0.29, 1.58 of group A in Table 1). 
Similarly, when the volumes of the test tumors of 
group B (recipients) are compared to those of 
group A (donors) in Table 2, it again becomes evi- 
dent that no resistance was established by prior 
implantation of devitalized tumor tissue. 

Tumors that had been submitted to 48 and 72 
hours, and “‘permanent”’ ligation also fail to demon- 
strate any degree of immunity as a consequence of 
the treatment. (Compare the experimental groups 
in Tables 3-5 to the control group I in Table 6). 


TABLE 2 


VOLUME OF TUMORS (CC.) PRIOR TO LIGATION 


Av. 


Group A 


7 


9 


TABLE 1 


Days posttranspl. 


12 


Tumor volume 


(cc.) 


.06 .22 
.05 .14 
.13 .38 
.08 .21 
.04 .12 
.06 .29 
.12 
.07 
.03 .09 
.07 .16 
.06 .07 
.08 .97 
.09 . 26 
.06 .56 
.07 55 
.07 .29 
Group E 

.18 .60 
.10 .25 
.06 45 
.08 75 
.06 .28 
.02 .29 
.16 .65 
.04 . 36 
.14 12 
.16 
.07 .59 
.12 .63 
.15 .56 
.14 68 
12 
.55 


.69 
.98 
.69 
.82 
.08 
.10 
.82 
.19 


Mouse 


no. 


336 
337 
338 
339 
341 
342 
343 
344 
346 
347 
352 
353 
354 
356 
357 


390 
391 
392 
393 
396 
398 
399 
402 
403 
404 
405 
406 
411 
412 
413 


Group C 


7 


12 


Tumor volume 


(cc.) 


VOLUME OF TEST TUMORS (CC.) AFTER IMPLANTATION WITH 24-HOUR LIGATED TUMORS 


Group A (AUTO-TRANSPLANTS) 


Days posttranspl. 


7 9 12 15 
Mouse Tumor volume 

no. (ec.) 
313 .00 31 .94 1.80 
317 .12 .49 1.08 1.35 
$18 .03 1.12 2.80 
319 .14 .50 1.60 1.76 
320 .02 . 26 .90 1.71 
$21 .09 .55 1.76 1.70 
322 .06 42 1.94 1.44 
323 . 84 1.62 1.62 
325 Died 
326 .06 . 36 1.22 2.40 
327 .00 . 24 .68 2.40 
328 .09 1.35 Died 
329 Died 
332 Died 
333 20 1.01 1.87 1.87 

Av. .08 .50 1.34 1.90 


P = palpable. 


Mouse 


no. 


503 
504 
505 
506 
507 
508 
509 
510 
512 
513 
514 
515 
516 
517 


Group B (HOMO-TRANSPLANTS) 


7 


12 


Tumor volume 


(cc.) 


1.68 
1.07 

84 
1.36 
2.09 

. 93 
1.36 
1.50 


1.36 
1.70 
1.26 
1.35 
1.39 
1.68 


1.39. 


.05 . 23 
.48 
.07 ~=.50 
10 .94 
.72 
.@i 
.08  .48 
.08 .18 
10 
~=.60 
.05 .38 
.09 .72 
12 
.08  .29 
.08 .49 
Group G 
.02 .83 
.28 
.25 .7 
.09 3.45 
.07 .56 
.07  =.28 
.07 3.48 
.02 12 
.02 .35 
.07 
.07 .28 
.06 .50 
.54 
12 53 
.40 
15 
Died 
Died 
Died 
2.80 
Died 
2.60 
1.48 
1.87 
3.70 
1.78 
2.34 
Died 
Died 
2.16 
2.30 
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In comparing the history of the “permanently” 
ligated tumors (Table 7, group G) to the volumes 
of the test tumors in the same group (Table 5), it 
will be observed that no relationship exists be- 
tween the behavior of the ligated tumor and the 
host’s response to the test inoculation. Thus, 
whether the ligated tumor remains present, par- 
tially present, or was lost early or late over the 
observation period exercised little if any effect on 
the host’s susceptibility or resistance. 

The relative volumes of the tumors in all groups 
are given in Table 9, which clearly indicates no 
significant difference between the first and second 
inoculation of viable tumor tissue, nor between 
the 24-hour, 48-hour, 72-hour, and “permanent”’ 
ligation groups. 


DISCUSSION 


Although it has been demonstrated repeatedly 
by many investigators (1, 2, 4, 6-10) that inbred 
animals cannot be immunized with homologous or 
neoplastic tissue against a tumor which originated 
in the strain, some have reported (8, 9) that, under 
certain experimental procedures, resistance can be 
induced against a tumor homologous to its native 
strain. Since it has been shown (3, 5, 11-13) by 
transplantation studies that certain tumors can 
undergo a “‘change”’ in their transplantation pat- 
tern which is accompanied by certain physiologic 
and genetic differences, it might be suggested that 
either failure or success in immunization exper!- 
ments depends, at least in part, upon the “‘changed”’ 


TABLE 3 
VOLUME OF TEST TUMORS (CC.) AFTER IMPLANTATION WITH 48-HOUR LIGATED TUMORS 


Group C (AUTO-TRANSPLANTS) 


Group D (HOMO-TRANSPLANTS) 


Days posttranspl. 


7 9 12 15 7 9 12 15 
Mouse Tumor volume Mouse Tumor volume 

no. (cc.) no. (cc.) 
336 P .02 .38 1.94 518 .00 .62 1.22 1.76 
337 .10 1.01 Died 519 .10 . 86 1.29 
338 . 25 1.02 1.88 §20 17 .91 1.70 Died 
339 12 3S .59 1.62 521 . 20 .88 1.72 1.98 
341 .28 .59 1.09 2.47 522 .16 . 64 1.30 2.20 
342 .08 49 1.76 2.38 523 .09 46 1.98 2.86 
343 .07 . 24 .98 2.43 524 . 20 1.16 1.92 Died 
344 .38 1.54 2.94 525 .04 1.68 2.28 
346 Fr . 24 1.65 2.38 526 .00 31 1.07 1.98 
347 Died 527 P .10 . 34 1.56 
352 .02 27 1.58 2.06 528 .04 .13 .50 1.70 
353 .14 2.81 1.92 Died 529 .06 .38 1.18 1.62 
354 Died 530 .13 . 34 1.39 1.58 
356 Died 531 .10 .62 1.20 1.36 
357 24 .84 1.78 2.20 532 oan .59 1.60 Died 

Av. a8 57 1.27 2.20 10 .52 1.29 1.80 

P = palpable. 

TABLE 4 


VOLUME OF TEST TUMORS (CC.) AFTER IMPLANTATION WITH 72-HOUR LIGATED TUMORS 


Group E (avuTO-TRANSPLANTS) 


Group F (fOMO-TRANSPLANTS) 


Days posttranspl. 


7 9 12 15 
Mouse Tumor volume 

no. (cc.) 
358 .00 .06 .50 1.82 
359 12 1.40 1.26 1.12 
361 .O1 45 1.76 2.24 
362 .19 3.23 2.64 
364 Died 
366 Died 
368 .10 .32 1.68 2.38 
369 .O1 .13 .94 3.38 
372 .08 .53 1.36 3.38 
373 .02 .33 1.01 2.40 
374 . 26 .68 2.16 1.94 
380 .06 46 1.65 2.14 
382 .02 32 1.20 3.00 
383 .62 1.78 1.97 
386 .08 .52 1.68 1.99 

Av. .08 .49 1.55 2.30 


7 9 12 15 
Mouse Tumor volume 

no. (ce.) 
533 .04 .55 1.87 Died 
534 .28 . 54 1.15 1.71 
535 .14 .50 .90 1.98 
536 .02 .22 .59 1.44 
537 .04 .55 1.44 3.30 
538 Recurrence 
539 .28 .98 1.19 4.22 
540 .06 1.01 1.63 
541 .22 .81 1.58 2.52 
542 12 .36 1.20 1.48 
543 P 45 1.73 
544 .02 oo 1.30 2.64 
545 .01 .49 1.84 
546 .22 .63 1.85 Died 
547 iS .50 1.52 Died 

.50 2.20 
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genetic constitution of the tumor in relation to the 
constitution of the host strain. Thus, the success- 
ful induction of immunization against certain 
transplantable tumors may require that the 
““change”’ be in the direction from a state of high 
specificity (multi-factorial) to one of low or non- 
specificity. It was observed by Strong (12), for ex- 
ample, that a tumor homologous to a particular 
inbred strain, after many transplant generations, 
grew with considerably more rapidity than did its 
predecessors. Transplantation experiments showed 
that this “‘changed”’ tumor could be successfully 
grown in all F, individuals of the BALB-DBA 


cross. It also grew in several back-cross genera- 


TABLE 5 


VOLUME OF TEST TUMORS (CC.) AFTER IM- 
PLANTATION WITH PERMANENTLY 
LIGATED TUMORS 


Group G 
Days posttranspl. 
Mouse 7 9 12 15 

NO. Tumor volume (cc.) 
390 .00 .18 .97 1.92 
391 .19 .35 1.35 1.61 
392 .00 .06 .14 1.09 
393 .20 .97 1.44 1.80 
396 .05 .60 2.26 Died 
398 .09 .98 1.87 2.05 
399 .08 42 1.40 3.00 
402 .03 oT 1.40 1.83 
403 .O1 .18 65 1.50 
404 .08 . 56 1.26 Died 
405 .03 .55 1.50 2.04 
406 . 04 1.35 1.54 
411 .07 .65 1.22 1.62 
412 .36 94 2.20 Died 
413 08 42 1.28 2.28 

Av. .08 53 1.35 1.80 

TABLE 6 


VOLUME OF CONTROL TUMORS (CC.) FOR 
Grovups A, B, C, D, E, F, AND G 


Group I 
Days posttranspl. 
MovusE 7 9 12 15 
NO. Tumor volume (cc.) 
548 .09 44 1.43 1.68 
549 .15 1.07 1.71 1.76 
550 .76 1.22 2.20 
551 .O1 .49 1.23 1.76 
552 .19 .98 2.25 2.57 
553 .10 .59 1.53 2.16 
554 .09 . 36 1.53 2.16 
555 .02 39 1.15 1.90 
556 .05 82 1.7 1.73 
557 .10 1.23 1.35 Died 
558 .05 76 1.12 1.98 
559 .08 1.01 1.538 2.60 
560 P .19 42 1.36 
Av. .08 70 1.40 1.80 


P = Palpable. 


tions toward the original nonsusceptible stock, in 
all members of the nonsusceptible stock, and in 
all mice, regardless of their genetic relationships. 
It is not impossible that in one case an immu- 
nity can be established against a tumor homolo- 
gous to its strain of origin, while in another case, 
when certain and slight genetic differences do not 


TABLE 7 
HISTORY OF TUMORS PERMA- 
NENTLY LIGATED 
Group G 
Days postligation 
Mouse 4 7 10 12 16 
NO. 
390 T T T 
391 t t 
392 ey T T T T 
396 T T T T ~ 
398 t —H 
399 = t t t t 
402 T t t — —H 
403 T T T T a 
406 T T T T — 
411 t t t t R 
412 T —H 
413 T T T = = 
T = tumor present. 
t = tumor partially present. 
— = tumor lost. 
R = recurrence. 
H = healed. 
TABLE 8 
VOLUME OF TUMORS (CC.) 
PRIOR TO LIGATION 
Group H 
Days posttranspl. 
MOUSE 7 9 12 
NO. Tumor volume (cc.) 
387 .10 .60 1.44 
388 .14 54 1.30 
389 .94 1.56 
394 .50 2.50 
395 .06 .66 90 
397 40 2.86 
400 .05 17 .96 
401 .07 38 1.33 
407 .14 54 1.60 
408 .02 26 1.44 
410 .18 86 2.43 
414 .06 40 2.02 
415 12 77 1.43 
416 .10 34 2.04 
417 .09 62 1.98 
418 .10 43 1.57 
419 .20 63 1.85 
420 .05 24 1.44 
421 .12 55 1.68 
422 .09 65 1.86 
423 .12 72 2.56 
424 .14 48 2.35 
425 .O1 04 
426 .15 58 2.24 
427 .05 19 86 
428 .05 22 1.85 
429 08 48 1.82 
Av. .10 50 1.70 
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FARDON AND PrRincE—Tumor Ligation and Tumor Resistance 


TABLE 9 


COMPARATIVE TUMOR VOLUMES IN ALL GROUPS 


Ist 2d 


Group 

24-hr. ligation 

Auto-trans. .07 
Homo-trans. 


48-hr. ligation 
Auto-trans. .08 
Homo-trans. 


72-hr. ligation 

Auto-trans. 11 
Homo-trans. 

Permanent ligation .10 
Permanent ligation .10 
(no test inoculation) 

Control .08 


Av. .09 
S.D. + .01 > 


exist between the tumor and strain, the resistant 
state cannot be elicited by the methods employed 
at present. 

Since there appears to be sufficient evidence on 
the one hand to show that resistance can be in- 
duced in a strain against its homologous tumor, 
and, on the other hand, that, by employing a dif- 
ferent tumor and strain, resistance cannot be in- 
duced, it becomes apparent that further research 
is required to detect the possible presence of deli- 
cate antigenic differences between malignant and 
normal tissue. 


SUMMARY 


1. Tumors ligated for a period of 24, 48, or 72 
hours, when auto-transplanted or homo-trans- 
planted, failed to protect the hosts from a chal- 
lenge dose of viable tumor of the same kind. 

2. Tumors “permanently” ligated failed to in- 
duce resistance against a second inoculation of 
viable tumor. 

3. No relationship was found to exist between 
the rate of resorption of the ligated tumors and 
the subsequent resistance or susceptibility of the 
hosts to a second inoculation of viable tumor. 
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The Effect of Nitrogen Mustard on the Cellular 


Concentrations of Nucleic Acids in 


Regenerating Rat Liver* 


Joun E. U_tTmMann,f Erich HirscHBerG, AND ALFRED GELLHORN 


(Institute of Cancer Research and Departments of Biochemistry and Medicine, Columbia University, College 
of Physicians and Surgeons, New York 32, N.Y.) 


Numerous publications during the last 6 years 
have indicated the importance of the nitrogen 
mustards in clinical and experimental cancer 
chemotherapy (9, 10, 21, 32, 33, 41, 42). The 
principal application has been to the treatment 
of lymphomas and leukemias. Two compounds, 
methylbis(6-chloroethyl)amine (HN2) and tris- 
(8-chloroethyl)amine, have been most widely used. 

An equally impressive number of investigations 
have been concerned with some aspect of the 
mechanism of action of nitrogen mustard. A wide 
variety of cytotoxic, antimitotic, mutagenic, car- 
cinogenic, and radiomimetic effects have been 
described (4, 16, 18, 20, 22, 32). From the bio- 
chemical point of view, these findings have led to 
a consideration of the effects of nitrogen mustard 
on nucleic acid metabolism. Bodenstein and Kon- 
dritzer (3) determined the nucleic acid content of 
successively older amphibian embryos and found 
that treatment of the embryos with nitrogen mus- 
tard completely prevented the normal rise of 
desoxyribonucleic acid (DNA) content with age 
but failed to affect the corresponding increase of 
ribonucleic acid (RNA) content. .Lowrance and 
Carter (35) found depressions in the content of 
RNA and DNA and in the incorporation of P*? 
into the DNA fraction of bone marrow, spleen, 
and thymus in rabbits during the early periods 
after treatment with nitrogen mustard. Skipper 
et al. (40) demonstrated that the administration 
of carcinostatic agents, including nitrogen mus- 
tard, to mice reduced the incorporation of for- 
mate-C!4 into the combined nucleic acid purines 
of viscera. Goldthwait (23) recently found that 
HN2 decreased the incorporation of both for- 


* This investigation was supported in part by a research 
grant (C-1386) from the National Cancer Institute, of the Na- 
tional Institutes of Health, Public Health Service. 


+ Present address: New York Hospital, New York 21, N.Y. 
Received for publication August 18, 1952. 


mate-C'* and adenine-N" into adenine of DNA of 
rat intestine to approximately the same extent. In 
a recent review (16), Dustin presented the gen- 
eral conclusion that radiomimetic substances pro- 
duce their effect by inhibiting the synthesis of 
DNA without causing an appreciable inhibition 
of the synthesis of RNA. Inhibition of nucleic 
acid synthesis has been proposed as the principal 
mechanism of action for mustard gas (25) and for 
x-radiation (1, 26, 29, 36, 39). 

In most of these investigations the rate or ex- 
tent of nucleic acid synthesis was assessed by de- 
termining the rate of incorporation of an isotopi- 
cally labeled precursor. It was of interest to corre- 
late these findings with determinations of the ac- 
tual levels of both nucleic acids in the “average 
cells” of tissues with and without nitrogen mus- 
tard treatment. It was anticipated that an effec- 
tive inhibition of synthesis would be reflected in 
decreased or unchanged concentrations of nucleic 
acids per cell. The few previous observations on 
the effect of nitrogen mustard on the content of 
nucleic acids in various tissues were made on the 
basis of wet weight of tissue; the recent recognition 
of changes in the cellularity of tissues under vari- 
ous conditions (28, 37)! indicated that analytical 
data must be expressed on a cell basis to permit 
adequate interpretation. 

Various biological systems characterized by a 
high mitotic index and a rapid rate of synthesis of 
nucleic acids may be suitable for studies of this 
type. Technical considerations militated against 
the use of a mixture of viscera, as employed by 
Skipper et al. (40), for a study requiring this de- 
termination of cellularity; to speak of an “average 
cell” in a homogenate containing all the tissues 


1 EF. Hirschberg and A. Gellhorn, manuscript in preparation. 
*‘Cellularity’’ is employed throughout this paper to denote the 
number of cells present in a unit weight of tissue. All pertinent 
data have been expressed here as ‘‘number of cells or nuclei per 
mg. wet weight of tissue.” 
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constituting this mixture would be meaningless. 
However, following the work of Higgins and An- 
derson (27) and Brues and collaborators (5, 6), re- 
generating rat liver has been widely employed as 
a model of rapid, non-neoplastic cell proliferation. 
Landing et al. (34) obtained an inhibition of 
mitosis in this tissue by nitrogen mustard but pre- 
sented no data on concomitant biochemical 
changes. In untreated animals Stowell (43) dem- 
onstrated an increase in the nucleic acid concen- 
tration in the nucleolus and in the cytoplasm 
adjacent to the nucleus on the second day follow- 
ing partial hepatectomy, during the time of rapid 
cell division. The changes in the concentrations of 
nucleic acids per cell in the early period of liver 
regeneration were further defined and placed on a 
quantitative basis by Price and Laird (37). In the 
present investigation the observations of Price 
and Laird have been confirmed and extended to 
include the effect of nitrogen mustard on the cellu- 
lar concentrations of nucleic acids during the peri- 
od of liver regeneration. These experiments had a 
twofold purpose: (a) to evaluate regenerating rat 
liver as a model system for studies on the mecha- 
nism of action of cancer chemotherapeutic agents 
and (6b) to subject the postulated correlation of 
inhibition of mitosis and inhibition of nucleic acid 
synthesis to a different experimental test. 


METHODS 


Male and female albino rats of the Wistar strain were ob- 
tained from our own stock. Animals selected for operation 
weighed between 150 and 200 gm. Prior to operation the rats 
were maintained on Purina Laboratory Chow and water ad 
libitum and were housed in a cooled room at a maximum tem- 
perature of 70° F. Following anesthesia with a minimal amount 
of ether, the rats were partially hepatectomized according to 
the technic of Higgins and Anderson (27). 

Nitrogen mustard (methylbis(6-chloroethyl)amine hydro- 
chloride) (HN2) was administered to the appropriate groups of 
animals by a single subcutaneous injection within 1 hour after 
the operation at a dosage level of 1.9 mg/kg. Following the 
operation, the rats were returned to the cooled room; they re- 
ceived no food except a 20 per cent solution of sucrose ad libi- 
tum. About 24 hours after the injection, a leukocyte count on 
tail blood was performed on every animal to assess the biologi- 
cal effect of HN2. 

All animals were killed with ether. In the first series of ex- 
periments, rats which had received no HN@2 were sacrificed at 
12, 15, 24, 36, 42, 48, 54, and 60 hours after hepatectomy. In 
the second series of experiments, rats with and without HN2 
were sacrificed 36 hours after the operation. In the third series, 
animals were killed 48 and 60 hours postoperatively. Control 
experiments on the effects of laparotomy, injection of saline 
after partial hepatectomy, and of treatment with HN@ in nor- 
mal animals without hepatectomy were carried out. 

The rats were weighed prior to operation as well as prior to 
sacrifice. The liver lobes removed at operation were weighed 
and promptly placed in a deep-freeze unit at about —20° C. 
These samples provided the normal, prehepatectomy control 
values. The regenerating liver tissue was carefully dissected 
out, weighed, and frozen in the same way. Random samples of 


normal and regenerating liver with and without HN@ treat- 
ment were taken for histological examination. 

All specimens were allowed to thaw at room temperature. 
Representative portions of each liver were homogenized in 0.77 M 
sucrose in 0.01 m phosphate buffer at pH 7.6 in a Potter all- 
glass homogenizer. The final homogenates contained approxi- 
mately 150 mg of fresh tissue/ml. Duplicate aliquots of each 
homogenate were used for direct enumeration of nuclei follow- 
ing suitable dilution in 3 per cent acetic acid containing 0.02 
per cent methyl green, and for nucleic acid analyses with di- 
phenylamine and orcinol following extraction by the method 
of Schneider (38). For purposes of calculation of nucleic acids 
per cell, each nucleus was assumed to represent one cell. The 
procedures outlined by Price and Laird (37) were closely fol- 
lowed in most respects. 


RESULTS 


Assessment of hepatectomy.—According to Hig- 
gins and Anderson (27) and Brues and Marble (6), 
67-75 per cent of the liver was removed in suc- 
cessful partial hepatectomy by their technic. 
These authors also demonstrated that the average 
weight of the liver in rats weighing between 125 
and 225 gm. is 3.8 per cent of body weight. In the 
present experiments, the average weight of the 
liver in eight animals which died during the opera- 
tion was 3.7 per cent of body weight. The amount 
of liver removed in 23 animals, taken at random, 
was calculated to be 68 per cent of the average 
total liver weight (range 53-86 per cent). It was 
concluded that our operative procedure was com- 
parable to that of these authors. 

Assessment of treatment with HN2.—The most 
suitable dosage level for subcutaneous adminis- 
tration was chosen on the basis of the work of 
Anslow et al. (2), Hunt and Philips (31), and 
Graef et al. (24), who established a dose of 0.9-1.2 
mg/kg as the LDs5» for administration through 
the tail vein. It was determined that the concen- 
tration of HN2 required for the production of 
reliable decreases in the white cell count was 
slightly larger when given by subcutaneous injec- 
tion. A single dose of 1.9 mg/kg at the time of 
hepatectomy was found to be accompanied in the 
first 24 hours by decreases in the white cell count 
to about 3,000 cells/cmm, but not to lower values; 
only a few of the rats died during this period. 
When animals were maintained for 48 and 60 
hours, the white cell count frequently dropped be- 
low 3,000, and the number of fatalities was greater. 
The white cell count in untreated rats ranged be- 
tween 5,000 and 12,000, with an average of 10,000. 

In a number of animals, the weight of the spleen 
was also determined at autopsy to obtain further 
evidence on the systemic action of HN2. The 
spleen of untreated animals ranged in weight from 
0.35 to 0.76 gm.; in animals treated with HN2, 
the weight of the spleen ranged from 0.10 to 
0.53 gm. 
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Effect of partial hepatectomy without HN2 treat- 
ment.—Table 1 summarizes the changes in cellu- 
larity and in the levels of DNA and RNA per 
cell in regenerating liver. Comparison with the 
corresponding data of Price and Laird (37) shows 
excellent general agreement between the results of 
the two investigations. However, in the present 
series of experiments the accumulation of DNA 
did not reach so high a level as in the study by 


TABLE 1 


CELLULARITY AND NUCLEIC ACID LEVELS PER CELL IN 
REGENERATING RAT LIVER IN THE 
ABSENCE OF NITROGEN MUSTARD 


Hours 
after 


hepa- No. of Cell count DNA RNA 


tectomy animals (Nuclei/mg wet wt) (upez/cell) (upeg/cell) 
0 106 190,000+2,700* 10.4+0.2* 30.6+0.7* 
12 g 161,000 10.6 31.4 
15 g 168 ,000 12.3 36.6 
24 6 139,000+5,100 14.0+1.0 44.2+3.2 
36 25 131,000+5,100 14.2+0.6 51.1+2.1 
42 4 132,000 13.5 43.7 
48 9 146,000+6,400 13.2+0.7 44.3+2.3 
60 6 164,000+5,300 12.6+0.2 37.9+1.5 


* These values are the standard deviations of the mean = ng 


where ¢ is the standard deviation of the observations in the sample and 
n is the number of observations. 


these authors, who reported a rise to 150-180 per 
cent of control levels at 24 hours after hepatec- 
tomy in three separate experiments. 

Effect of HN2 on the accumulation of nucleic 
acids at 36 hours after hepatectomy.—Table 2 sum- 
marizes the data obtained in these experiments. 
The administration of a single dose of HN2 at 
hepatectomy not only does not interfere with the 
usual increases in nucleic acid concentration but 
actually brings about statistically significant in- 
creases in the accumulation of both DNA and 
RNA and a further decrease in the cellularity of 
the liver 36 hours after the operation. 

This conclusion is supported by calculations on 
the basis of the entire organ. The average weight 
of the liver 36 hours after hepatectomy was 2.8 
gm. in a representative number of control animals 
and 3.0 gm. in a similar number of treated ani- 
mals. The average total content of nucleic acids 
in these livers was slightly higher in the HN@- 
treated group than in the untreated group (DNA, 
5.8 and 5.4 mg/liver, respectively; RNA, 25 and 
21 mg/liver, respectively). 

The average prehepatectomy values for the cell 
count in the livers of treated and untreated ani- 
mals were essentially the same; the average values 
for DNA as well as for RNA were identical in the 
two groups. All these values were in close agree- 
ment with the average values obtained in the en- 


tire series of 106 prehepatectomy livers which 
constituted the zero-time controls shown in 
Table 1. 

This series of sixteen control rats and 31 rats 
treated with HN2 was obtained in three separate 
experiments with four to six control and eight to 
twelve treated animals each, performed at approxi- 
mately monthly intervals. The most pronounced 
differences in nucleic acid levels between treated 
and untreated animals were found in the first ex- 
periment. The same trend was seen in the other 
two experiments, though the differences between 
treated and untreated animals were not so great. 
In view of the appreciable variation from animal 
to animal, which will be discussed below, the re- 
sults obtained in this biological system with small 
groups of animals are somewhat suspect, and, 
therefore, statistical treatment of the results was 
possible only when all three experiments were 
pooled. 

There is a significantly greater accumulation of 
RNA than of DNA in both treated and untreated 
animals at 36 hours. This difference in extent of 
accumulation between the two nucleic acids can- 
not be explained at the present time.” 


TABLE 2 


EFFECT OF HN? TREATMENT ON CELLULARITY AND NU- 
CLEIC ACID LEVELS PER CELL OF REGENERATING 
LIVER 36 HOURS AFTER HEPATECTOMY 


HN@2- 
Group Control treated 
No. rats 16 31 
Cell count (nuclei/mg wet 
weight) 
Prehepatectomy 203 ,000 198 ,000 
Posthepatectomy 142,000 125 ,000 
D/Sp* control vs. treated 2.4 
DNA (uyg/cell) 
Prehepatectomy 9.8 9.8 
Posthepatectomy 12.4 14.8 
D/Sp control vs. treated 3.0 
RNA (upg/cell) 
Prehepatectomy 30.2 30.2 
Posthepatectomy 50.7 62.5 
D/Sp control vs. treated 3.2 
ou, + om, 


Effect of HN2 on the accumulation of nucleic 
acids at 48 and 60 hours after hepatectomy.—Pre- 


2 The possibility was considered that some of the “orcinol 
color’ in these experiments should be attributed to glycogen 
rather than to RNA. Preliminary experiments indicated, how- 
ever, that the addition of glycogen, at concentrations higher 
than those to be expected in regenerating rat liver, to homog- 
enates prior to the Schneider procedure did not affect the di- 
phenylamine reaction for DNA and brought about only a small 
additional “‘orcinol color.’’ The magnitude of this possible gly- 
cogen blank was not sufficient to account for the significantly 
greater accumulation of RNA. 
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liminary results obtained at these time periods 
following hepatectomy and administration of the 
single dose of HN2 are summarized in Table 3. It 
would appear that treatment with the drug has 
no demonstrable effect on the DNA or RNA con- 
tent of the cells of regenerating liver at these 
times. The data of Friedenwald et al. (19) on cor- 
neal epithelium and of Landing and associates (34) 
on regenerating liver indicate that inhibition of 
mitosis after a single dose of nitrogen mustard 
may be expected to disappear in 36—48 hours. 

Control experiments.—It was ascertained in pre- 
liminary experiments that there were no differ- 
ences in the analytical results between portions 
of the same liver assayed immediately after re- 
moval from the animal and after maintenance at 
— 20° C. for variable periods of time. 

In agreement with Price and Laird (37), it was 

found that the DNA and RNA values in livers re- 
moved 36 hours after laparotomy without hepa- 
tectomy showed no appreciable variations from 
the control values. 
_ The administration of the usual dose of HN2 to 
rats after laparotomy or to rats not subjected to 
any surgical manipulation had the expected effect 
on the white cell count but brought about no 
changes in the DNA or RNA levels per cell in 
livers removed 36 hours after the injection. Physi- 
ological saline, when administered to normal, 
sham-operated, or partially hepatectomized ani- 
mals, had no effect on the white cell count or nu- 
cleic acid values. 

Prior to the analysis of liver homogenates from 
treated animals, it was desired to determine the 
effect of HN2 on the diphenylamine and orcinol 
reactions employed in the nucleic acid estimations. 
For this experiment, 10 mg. HN2 was dissolved 
in 10 ml. phosphate buffer, and the solution was 
allowed to stand for $ hour at body temperature 
to permit cyclization to occur. This solution was 
diluted with 5 per cent trichloroacetic acid, and 
aliquots were added to portions of the final 5 per 
cent trichloroacetic acid extracts prepared from 
homogenates of normal rat liver. The level of 
HN@ in the final extract was about 10 times that 
which would be expected to be present in extracts 
prepared from livers removed from the animals 
shortly after the injection of HN2. These analyses 
were compared to analyses of the same extracts 
without added HN2. There was no appreciable 
and reproducible difference between these results. 

Histological findings.—Since all the results of 
the present investigation were obtained by a single 
procedure, i.e., homogenization of the liver and 
direct enumeration of nuclei in an aliquot of the 
homogenate, it was of importance to confirm the 


significant differences in cellularity before and 
after hepatectomy by an independent method. 
For this purpose, representative samples of several 
livers were fixed in Bouin’s solution, and histologi- 
cal slides stained with hematoxylin-eosin were pre- 
pared under identical conditions. The number of 
nuclei in random areas of these slides was deter- 
mined with a micrometer eyepiece, and the values 
after hepatectomy with or without HN2 treat- 
ment were related to the prehepatectomy values. 
The two methods yielded essentially the same pic- 
ture of the comparative cellularity of these livers, 
within the limits of error of the two procedures. 
Qualitative examination of these slides revealed 
easily detectable differences which are demon- 
strated in Figures 1-3. The stroma of the regenerat- 
ing liver is less compact than the control. The cells 


TABLE 3 


EFFECT OF HN2 TREATMENT ON CELLULARITY AND NU- 
CLEIC ACID LEVELS PER CELL OF REGENERATING 
LIVER 48 AND 60 HOURS AFTER HEPATECTOMY 


48 Hours 60 Hours 
HN@2- HN@2- 
Grovp Control treated Control treated 
No. rats 4 5 + 5 
Cell count (nuclei/mg 
wet wt) 
Prehepatectomy 174,000 172,000 208,000 210,000 


Posthepatectomy 157,000 144,000 


164,000 188,000 
DNA (uyg/cell) 


Prehepatectomy 8.6 10.5 9.6 8.9 

Posthepatectomy 12.4 13.6 12.7 12.6 
RNA (upg/cell) 

Prehepatectomy 31.4 39.4 28 .4 26 .6 

Posthepatectomy 47.4 58.0 39.3 43 .4 


are larger in the former, and the nuclei are also 
consistently larger, although they show signifi- 
cantly greater variation in size. The frequency of 
mitotic figures is high in the regenerating liver 
sections and virtually absent in the control liver. 
These findings are in general agreement with the 
data of Price and Laird (37) and Stowell (43). A 
comparison of the histological appearance of re- 
generating liver from nitrogen mustard-treated 
and untreated animals fails to demonstrate a 
marked difference. It is our impression that the 
frequency of mitotic patterns is lower in the for- 
mer than in the latter. 


DISCUSSION 


Before attempting to interpret the results of the 
present investigation in terms of the mechanism 
of action of nitrogen mustard, it is important to 
evaluate the method by which the results were ob- 
tained and the suitability of the biological system 
which has been employed. 

Evaluation of the method.—Several procedures 
based on entirely different approaches have been 
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used for the estimation of the nucleic acid content 
of various mammalian cell populations. The sim- 
plest and least time-consuming method consists of 
homogenization of a sample, direct enumeration 
of nuclei in one aliquot of the homogenate, and 
determination of the nucleic acid content in an- 
other aliquot. This approach has been subjected 
to an extensive investigation in a wide variety of 
tissues during the last 2 years and has been shown 
to yield valid and reliable results.! 

In the present series of experiments, the follow- 
ing findings have confirmed the conclusion that 
this simple method is a trustworthy guide: (a) The 
average value obtained for the DNA content of 
normal rat liver in 106 animals was 10.4 + 0.2 
pug/cell (cf. Table 1); this value is in excellent 
agreement with the values obtained by a variety 
of other procedures (11, 13, 14, 17, 37), though 
higher than the value reported by Cunningham 
and collaborators (12). (6) The accumulation of 
nucleic acids after hepatectomy in these exper!- 
ments follows the pattern described by Price and 
Laird (37) in most respects; the careful evaluation 
these authors made of the suitability of this meth- 
od for studies on regenerating liver offers further 
support for the reliability of the present data. 
(c) It is realized that if the characteristic decrease 
in cell count observed in the early periods after 
hepatectomy were an artifact produced by a sup- 
posable fragmentation of nuclei during homogeni- 
zation, then the increases in nucleic acid concen- 
trations calculated on a cell basis would be en- 
tirely illusory. This decrease in cell count was, 
however, confirmed by the histological evidence 
which has been alluded to. 

Evaluation of the biological system.—Regenerat- 
ing rat liver offers advantages as well as disadvan- 
tages for the investigation of the biochemical 
mode of action of antitumor agents. This model 
system of non-neoplastic growth is characterized 
in its early stages by a mitotic index comparable 
to that of anaplastic transplanted tumors (6, 44). 
Moreover, liver regeneration is an unfailing con- 
sequence of adequate partial hepatectomy, so that 
an ample supply of experimental material can be 
produced at will. 

The chief drawback of this system is that, al- 
though regeneration never fails to follow hepatec- 
tomy, the rate of regeneration, at least from the 
point of view of nucleic acid synthesis, is subject 
to considerable variation. This variation may be 
caused by a number of factors (7, 8, 15, 30 
[pp. 82]), among them, the nutritional status of the 
animals before and after operation, diurnal and 
seasonal variations in mitotic activity, environ- 
mental temperature, strain, age, and weight of 


the animals, severity of the trauma produced by 
the operation and concomitant anesthesia, inten- 
sity of the humoral stimulation of regeneration, etc. 
While attempts were made to control these fac- 
tors in the present experiments, it is recognized 
that some of them must have continued to operate 
at least to some extent. 

In many experimental situations, variations of 
this magnitude might not have any crucial signifi- 
cance. The following considerations, however, in- 
dicate that they become an important factor in ex- 
periments with this tissue. 

One of the biochemical processes which must 
take place in most biological systems before a cell 
can divide is an increase in its nucleic acid content. 
A variety of findings (cf. 30 [pp. 101-3]) suggest 
that the DNA content reaches approximately 
twice the resting cell level shortly before the actual 
division of the cell into two daughter cells. In re- 
generating liver, the cells of the remaining portion 
of liver following hepatectomy may then be en- 
visaged to prepare for their first mitosis by dou- 
bling their DNA content. If all the cells were carry- 
ing out this function at exactly the same time, it 
would be theoretically possible to select a moment 
after hepatectomy at which the DNA content of 
the “‘average cell’’ would be twice that of the pre- 
hepatectomy sample. Such a finding is, of course, 
highly unlikely in view of the differences in opera- 
tive trauma, humoral stimulation of regeneration, 
access to building blocks, synthetic ability, etc., 
which must exist between cells in different areas 
of the remaining lobe of the liver. At any one 
time, some cells will be in the resting stage, others 
will be carrying on nucleic acid synthesis prior to 
division, others will be just ready to divide, yet 
others will have newly arisen by mitosis. The DNA 
content of the “‘average cell” at this time will then 
be some value intermediate between normal and 
twice normal, and the quantitative range of ex- 
pression of any effect of a chemotherapeutic agent 
on this value will be severely limited. Therefore, 
relatively large numbers of animals must be used 
in the control and treated groups to permit a sta- 
tistical evaluation of any change which may be 
observed, and the significance of the result is not 
necessarily commensurate with the effort which 
is required to document it. This practical draw- 
back must be taken into account when the suit- 
ability of regenerating rat liver for these studies is 
assessed. 

Effect of HN2 on the nucleic acid content of the 
“average cell.’”,—Two conclusions may be drawn 
from the data which have been presented. First, 
the administration of nitrogen mustard does not 
prevent the accumulation of nucleic acids which 
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normally takes place in the early periods of liver 
regeneration. The present experiments do not pro- 
vide any information concerning the rate of this 
accumulation, but it is clear that at 36 hours after 
hepatectomy the treated cells do not contain less 
nucleic acid than the untreated cells. Second, the 
present data actually demonstrate that there is an 
appreciably greater accumulation of nucleic acids 
in the treated cells than in the controls. The sig- 
nificance of this finding may be discussed briefly. 

In the simplest interpretation, the nucleic acid 
concentration per cell at any time after hepatec- 
tomy may indicate the number of liver cells which 
have not yet divided for the first time; the higher 
this value in relation to the concentration before 
hepatectomy, the larger the number of cells yet 
waiting to divide. The significantly higher levels 
of nucleic acids in the “average cell”’ after nitro- 
gen mustard treatment would then indicate that 
at 36 hours posthepatectomy a significantly 
greater number of liver cells have not yet entered 
the first mitosis. The absence of any demonstrable 
difference in nucleic acid levels in treated and un- 
treated cells at 48 and 60 hours suggests that cell 
division is postponed for only a relatively small 
number of hours when a single dose of the drug 
is given. 

The conclusion that this postponement of mi- 
tosis in a significant number of cells is accom- 
panied by a net rise in the nucleic acid content of 
the “‘average cell,” 1.e., that the cells in which 
mitosis is blocked already appear to contain the 
high premitotic level of nucleic acid, is the cen- 
tral result of this investigation. This study cannot 
provide any direct evidence for or against an in- 
hibition of synthesis of nucleic acid by HN; it 
does, however, demonstrate that inhibition of cell 
division by this agent in regenerating liver is not 
mediated primarily through such an inhibition of 
this synthetic process. It may be postulated that 
HN2 interferes with mitosis either (a) by a mecha- 
nism not directly involving the nucleic acids or 
(6) by blocking nucleic acid utilization; the de- 
creased incorporation of precursor into nucleic 
acid purines observed by Skipper et al. (40), 
Goldthwait (23), and others might then be a sec- 
ondary consequence of the fact that further syn- 
thesis would cease once the doubling of nucleic 
acids in these blocked cells has taken place. The 
data which have been presented would also be 
consistent with the assumption that both syn- 
thesis and utilization of nucleic acids were inter- 
fered with by this drug, but that the inhibition of 
utilization was significantly more pronounced than 
the inhibition of synthesis. 

It should be stressed that an attempt to corre- 


late incorporation data with formate-C™ obtained 
in the viscera of mice and static nucleic acid anal- 
yses in regenerating rat liver is hazardous at best 
and that generalizations from any particular sys- 
tem to a variety of tissues would not appear per- 
missible at the present time. Therefore, experi- 
ments are now in progress to assess the incorpora- 
tion of nucleic acid precursors in regenerating 
liver and the effect of other drugs on the nucleic 
acid levels in this and other biological systems. 
SUMMARY 

1. The suitability of regenerating rat liver for 
studies on the biochemical mechanism of action 
of cancer chemotherapeutic agents has been 
evaluated. 

2. In agreement with data obtained by other 
investigators, it was found that there was an ac- 
cumulation of nucleic acids in the liver cells in the 
early periods of regeneration following partial 
hepatectomy. This accumulation reached its peak 
36 hours after hepatectomy. 

3. The subcutaneous injection of a single dose 
of nitrogen mustard was followed by a significantly 
greater accumulation of nucleic acids in the liver 
cells at 36 hours after hepatectomy. At 48 and 60 
hours, there was no longer a demonstrable differ- 
ence in the nucleic acid levels per cell between 
treated and untreated animals. 

4. It appears that in this biological system the 
inhibition of mitosis by nitrogen mustard was not 
mediated primarily through an inhibition of nu- 
cleic acid synthesis, as suggested by the work of 
other investigators with isotopically labeled pre- 
cursors of nucleic acids. 
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Fic. 2.—Regenerating rat liver 36 hours after hepatectomy. and after a single injection of HN2. «150. 
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Metabolism of Neoplastic Tissue 


III. Diphosphopyridine Nucleotide Requirements for 
Oxidations by Mitochondria of Neoplastic and 


Non-neoplastic Tissues” 


CHARLES E. WENNERT AND SIDNEY WEINHOUSE 


(Lankenau Hospital Research Institute and the Institute for Cancer Research, and the Department of 
Chemistry, Temple University, Philadelphia, Pa.) 


In previous publications we reported that oxida- 
tive processes of the citric acid cycle in tumor 
homogenates (29) or mitochondria isolated there- 
from (30) are limited by the loss of diphosphopyri- 
dine nucleotide activity and that oxygen consump- 
tion can be restored by the addition of this co- 
enzyme to the medium in relatively high concen- 
tration. The present report represents a further 
study of the effect of DPN on the oxidative be- 
havior of tumor mitochondria, together with a 
comparison with mitochondria of various non- 
neoplastic tissues in regard to oxidative activity 
toward pyruvate and components of the citric acid 
cycle. 


METHODS 


Transplanted tumors were maintained by sub- 
cutaneous implantation in adult mice of the 
C3H, Swiss, or A strain. After reaching a di- 
ameter of approximately 1 cm., they were dis- 
sected from the decapitated, exsanguinated ani- 
mals, and mitochondria from these tissues were 
prepared exactly according to the procedure of 
Schneider (22). The washed mitochondria were 
finally suspended in cold, isotonic sucrose unless 
otherwise specified. All operations were carried out 
at <5° C. The basic medium consisted of the fol- 
lowing substances in the designated final concen- 
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trations: MgSQ,, 3 X 10-? m; sodium fumarate 
(“‘sparker’’) 7 X 10-° m; ATP, 2 X M; cyto- 
chrome c, 4 X 10-° mM; phosphate buffer (pH 7.4), 
6 X 10-* mu; KCl, 6.7 X 10-2m; DPN, 1.9 10-3 
M. To this there was added substrate (0.006 m) 
and 0.4 ml. of the mitochondrial suspension, rep- 
resenting 200 mg. of the original tumor tissue or 
133 mg. of original normal tissue, to a final volume 
of 1.6 ce. in chilled Warburg vessels. The flasks 
were shaken at 38° C., with air as the gas phase. 
Oxygen uptake measurements were begun after an 
initial 7 minutes of equilibration. 

Substrates and other material.—Citrate, a-keto- 
glutarate, succinate, malate, fumarate, pyruvate 
(all added as the sodium salts), cytochrome c, ade- 
nosine triphosphate (ATP), and diphosphopyri- 
dine nucleotide (DPN) were commercial products. 
The DPN was obtained either from Sigma Chemi- 
cal Co. or the Pabst Laboratories, and assayed 
from 40 per cent to 90 per cent pure by the en- 
zymatic procedure of Racker (21). Reduced DPN 
was prepared by the procedure of Ohlmeyer (17), 
and the contaminating sulfite and sulfate were re- 
moved according to Lehninger’s modifications (11). 
This material was found to be 75 per cent pure by 
measurement of the absorption at 340 my with use 
of the molar extinction coefficient, 6.22 X 10° 
sq ecm/mole (7). Triphosphopyridine nucleotide, 
assaying 40 per cent pure by the Zwischenferment 
assay (28), was prepared by the method of LePage 
and Mueller (14). Nitrogen determinations on the 
tissues were made by the micro-Kjeldahl proce- 
dure of Ma and Zuazaga (15). 


RESULTS 


Pyruvate oxidaticn by hepatoma-cell components. 
—Previous investigations have demonstrated that 
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the enzymatic equipment for oxidation of fatty 
acids and citric acid cycle components in normal 
tissues is restricted to the cytoplasmic granules 
known as mitochondria (5, 6, 9, 23, 25). Results of 
a study of the distribution of pyruvic oxidation ac- 
tivity among the centrifugally separated cell com- 
ponents, as shown in Table 1, demonstrate that 


be assumed that the low activities observed in the 
nuclear, microsomal, and supernatant fractions 
are due to contamination by mitochondria. The 
whole homogenate displays an appreciable endog- 
enous oxygen uptake, which is greatly augmented 
by addition of DPN, with or without substrate. 
This activation of the oxidation of endogenous 


TABLE 1 
PYRUVATE OXIDATION IN CELLULAR CONSTITUENTS OF MOUSE HEPATOMA 98/15 


OxYGEN CONSUMPTION 


PERCENT OF 02, wl/100 mg tissue 02, ul/mg N 
ISSUE WHOLE Additions itions 
FRACTIONS* Totat Nt HOMOG. None DPN DPN + pyruvate None DPN +pyruvate 
Mw, 0.275 18.2 2.3 4 58 8.4 52 
S. 1.150 55.3 5.8 41 50 36 
* Notation is that of Schneider (21). 
t Mg nitrogen per 100 mg. fresh tissue. 
substrates by DPN has been found to be char- 
-400 acteristic of whole homogenates of a variety of tu- 
mors. The sum of the oxygen uptakes of the sepa- 
04.6XI0 °M rate fractions is approximately two-thirds that of 
O17 X10 the whole homogenate, indicating that consider- 
able inactivation occurs during separation of the 
-300 fractions. 
Effect of pyruvate concentratton.—The character- 
a. istic oxidative behavior of DPN-fortified mito- 
0, chondria of neoplastic tissue is shown in Chart 1, 
in which pyruvate oxidation was studied in par- 
200 ticles obtained from mouse hepatoma 98/ 15. At 
3 high substrate concentrations oxygen consumption 
lex lO proceeded at linear rates for approximately 2 hours 
7 a “GALCULATED y and was observed to be maximal at 0.005 m. It 
hi. ° UPTAKE FOR PYRUVATE seems highly probable that oxidation of pyruvate 
400 ADDED goes to completion in this system, since the oxygen 
uptake at 0.001 m pyruvate leveled off at a value 
° close to that calculated for complete oxidation of 
. NO PYRUVATE the substrate. Addition of DPN consistently 
caused an appreciably increased oxygen consump- 
NO tion in the absence of substrate, which is probably 
TIME 40 80 (MIN) 20 iGO due to stimulation of the oxidation of the “‘prim- 


Cuart 1.—Effect of substrate concentration on the oxida- 
tion of pyruvate by mouse hepatoma mitochondria. Ordinate 
represents the yl. of oxygen consumed by mitochondria equiva- 
lent to 200 mg. of original tissue (wet wt.). 


the hepatoma 98/15 also has essentially all this 
activity localized in the mitochondrial fraction. In 
agreement with previous fractionation data pub- 
lished by Schneider (23), the mitochondrial frac- 
tion contained about 13 per cent of the total nitro- 
gen, and this was the only one of the fractions 
showing high oxidative activity toward pyruvic 
acid. Since the separations are not absolute, it can 


ing’ agent or of endogenous carbon. This pattern 
of oxidative activity was displayed for citric acid 
cycle components as well as pyruvate, and by 
mitochondria from non-neoplastic as well as neo- 
plastic tissue. 

Specificity of DPN activation.—In the absence of 
DPN, pyruvate oxidation in mitochondria of 
hepatoma and rhabdomyosarcoma was not acti- 
vated by addition of TPN, flavin adenine nucleo- 
tide, coenzyme A, or any of the adenine nucleo- 
tides. Addition of fluoride, which Potter and Lyle 
(19) found to stimulate respiration of the Flexner- 
Jobling tumor, had no effect on oxygen consump- 
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tion, either with or without DPN, when tested 
with our tumors. The only substance having a 
similar effect was reduced DPN (Table 2). It was 
expected that differences in activation might have 
been observed as the result of differences in per- 
meability of the mitochondrial membrane for the 
two forms of the coenzyme. However, as shown in 
Table 2, activation was the same at comparable 
concentrations. In accord with expectations, hepa- 
toma mitochondria readily oxidized reduced 
DPN; as shown in Table 2, the oxygen uptake cor- 


TABLE 2 


REPLACEMENT OF DPN REQUIREMENT BY 
DPN-H: IN PYRUVATE OXIDATION BY 98/15 
HEPATOMA MITOCHONDRIA 


ADDITIONS 
DPN DPN-H2 Pyruvate O2 uptake 
(2X10-3m) (2X107-3 m) (0.01 m) (ul/mg N/30 min) 
18.7 
+ 55 
+ 30 
+ 46 
+ 146 
+ 146 
+* 200 


*In this experiment DPN-H:2 equivalent to 17.3 um of the 
pure material was incubated for 3 hours at 38°C. with mito- 
chondria representing 200 mg. of original tissue. The observed 
oxygen uptake compared favorably with the theoretical oxygen 
uptake of 193 yl. 


responded closely to the theoretical amount re- 
quired for oxidation to DPN. 

Relationship between oxidative activity and mito- 
chondrial content.—Since the reactions of the citric 
acid cycle seemed to be localized in the mito- 
chondria, it appeared probable that many of the 
quahtitative differences in oxidative activity be- 
tween different tissues could be referable to varia- 
bility in mitochondrial content. Evidence for the 
correctness of this postulate has already been re- 
ported (20, 23, 30), and these observations have 
been extended in the present report. Data on 
pyruvate oxidation and mitochondrial nitrogen 
content for a number of neoplastic and non-neo- 
plastic tissues are shown diagrammatically in 
Chart 2. A marked difference in mitochondrial 
content! between the two types of tissue is im- 
mediately evident; indeed, it was surprising to ob- 
serve the extreme variability displayed by the 
various tissues. In view of the generally low mito- 
chondrial content of tumor tissues, one can readily 
understand why such tissues have been reported as 
deficient in such mitochondria-bound factors as 
succinic dehydrogenase and cytochrome c¢ (4, 24). 


1 The validity of basing mitochondrial content on the nitro- 
gen content without knowledge of their composition may be 
questioned; however, in the absence of other easy methods, 


this may be regarded as a fair approximation for the purpose 
intended. 


A rather good correlation is displayed in Chart 2 
between the mitochondrial content and the activ- 
ity toward pyruvate oxidation, emphasizing again 
the quantitative as well as qualitative similarity of 
mitochondria of different tissues in their capacity 
for oxidation of pyruvate. 

Oxidation of citric acid cycle componente —These 
studies have been further extended to include com- 
parisons between normal and neoplastic mitochon- 
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Cuart 2.—Pyruvate oxidation versus nitrogen content of 
mitochondria of normal and neoplastic tissues. The unshaded 
bars on the left of each set of columns represent the mg. mito- 
chondrial nitrogen per gram of original whole tissue. The 
shaded bars on the right side of each set of columns represent 
the net respiratory activity in yl. of O2 consumed per gram 
fresh tissue per 30 minutes. Conditions of assay are outlined in 
the experimental section. Each column represents an average of 
two or three determinations. Normal tissues: column A, rat 
liver; B, mouse liver; C, mouse kidney; D, rat brain. Neo- 
plastic tissues: column A, mouse hepatoma (A strain); B, 
mouse hepatoma (C3H strain); C, sarcoma 37; D, rhabdomyo- 
sarcoma; E, rat hepatoma. 


dria in the oxidation of citric acid cycle compo- 
nents and the effect thereon of the addition of 
DPN. The results of this survey are collected in 
Table 3. To aid in these comparisons, all oxygen 
uptake values are on a per milligram nitrogen 
basis. In agreement with the data of other investi- 
gators (3, 9), all the substrates were readily oxi- 
dized by mitochondria of liver and kidney, and 
little or no enhancement occurred with addition of 
DPN. In those instances in which DPN increased 
the oxygen uptake, the effect was due to better 
maintenance of the oxygen consumption rather 
than to an increase of the initial rate. In contrast 
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with liver and kidney, oxygen uptake was rela- 
tively low in the unfortified brain mitochondria in 
the presence of all substrates except succinate but 
was enhanced considerably with DPN addition.? 
In this respect, brain mitochondria resemble those 
of the neoplastic tissues. All four tumors listed in 
Table 3 exhibited essentially the same oxidative 
pattern. In the absence of added DPN, oxygen up- 
take was invariably and consistently high; the 
only substrate whose oxidation was not increased 
by DPN addition was succinate. The activation of 
citrate oxidation by DPN was somewhat surpris- 
ing, since the first dehydrogenase to act on this 
substance is isocitric dehydrogenase, which is gen- 
erally considered to be specific for TPN (16). It is 
recognized, of course, that DPN would be required 


group of non-neoplastic tissues (2, 27). Isotopic 
tracer studies have also demonstrated the ability 
of tumor tissues to carry out the oxidation of fatty 
acids, glucose, and their intermediates (18, 29) at 
rates comparable to a variety of non-neoplastic 
slices. Enzyme assays have shown that the indi- 
vidual activities of the citric acid cycle occur in 
tumor tissues with the same order of magnitude as 
in non-neoplastic tissues (31). The present findings 
supplement these studies by establishing the abil- 
ity of mitochondria of neoplastic tissues to carry 
out the complete oxidation of pyruvate and citric 
acid cycle components. The approximately equal 
activities of “neoplastic” and “non-neoplastic” 
mitochondria on a per milligram nitrogen basis 
emphasize that mitochondria from various cells 


TABLE 3 | 


DPN REQUIREMENT FOR OXIDATION OF KREBS CYCLE COMPONENTS 


Values are in oxygen consumed per mg. mitochondrial nitrogen per 30 minutes 


NORMAL TISSUE MITOCHONDRIA TUMOR MITOCHONDRIA 


Mouse Rat Mouse Rat Hepatoma Hepatoma Sarcoma Rhabdomyo- 
liver liver kidney brain TA77 98/15 37 sarcoma 
SUBSTRATE —DPN +DPN —DPN +DPN —DPN +DPN —DPN +DPN —DPN +DPN —DPN +DPN —DPN +DPN —DPN +DPN 
None 37 49 43 45 53 91 40 50 15 44 19 36 28 45 16 36 
Pyruvate 150 145 139 154 279 249 38 146 30 3=— 250 17 196 51 150 21 105 
Citrate 176 215 146 153 299 296 22—Ss «116 14 153 153 68 4 137 
a-Ketoglu- 142 180 118 154 212 $35 43 116 100 214 119 99 85 172 
tarate 

Succinate 145 165 147 128 230 284 114 104 125 116 82 79 170 204 170~=—s 118 
Fumarate 130 156 106 154 95 220 35 101 15 143 48 98 
Malate 160 164 69 127 33 = «176 82 136 56 99 


for the further oxidation of the products of iso- 
citrate oxidation through the citric acid cycle, 
hence DPN should be expected to enhance the 
over-all oxidation of citrate. On the other hand, 
oxidation of citrate to ketoglutarate should pro- 


are fundamentally similar in oxidative activities 
and indicate also that at least some of the reported 
differences in oxidative enzymes are due to varia- 
tions in mitochondrial content rather than to dif- 
ferences in the enzymatic equipment of the mito- 


chondria. That tumor mitochondria are able to 
carry out citric acid cycle oxidations has recently 
been shown also by other investigators. Potter and 
Lyle (19) reported that whole homogenates of the 
Flexner-Jobling carcinoma can oxidize a mixture 
of pyruvate and fumarate when fluoride is added 
to depress organic phosphate breakdown; and they 
attributed the previous failure of such systems to 
oxidize oxalacetate to an inability of phosphory- 
lating processes to keep pace with the rapid de- 
phosphorylation of ATP. More recently, Sieke- | 
vitz, Simonson, and Potter (26) reported that dif- | 
ferent tumor homogenates display different rates 
of phosphate “‘turnover”’ and that good oxidation 
can be observed in tumor homogenates when these — 
opposing activities are balanced by the addition 
either of dinitrophenol or fluoride. In a study of 
oxidative phosphorylation, Kielley (10) found 
that phosphorylative oxidation of succinate, glu- 
tamate, and a-ketoglutarate occurred in a trans- 
plantable mouse hepatoma; and, in agreement 


ceed unimpeded in the absence of DPN, or should 
require TPN. Since this does not occur, we can 
only conclude either that DPN can function as 
electron carrier for isocitric dehydrogenase in 
mitochondria or that DPN is exerting some acti- 
vating effect other than in electron transport. 


DISCUSSION 


It has been known for many years that slices of 
tumor tissue exhibit respiratory activities, which, 
though not generally so high as those of such 
highly metabolically active tissues as kidney, 
heart, and liver, are of similar magnitude to these 
and are within the range of any representative 


2 Recently, Brody and Bain (1) reported specific oxidative 
activities of brain mitochondria similar to those reported here, 
although DPN does not appear to be required for maximal 
activity in their system. This discrepancy can probably be 
attributed to the differences in procedure; they used higher 
centrifugation speeds, more washings, and suspended the 
mitochondrial fraction in distilled water prior to introduction 
into the Warburg vessels. 
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with our findings, observed a more definite require- 
ment of DPN in hepatoma than in liver mito- 
chondria for the two latter substrates whose oxida- 
tion requires this co-factor. 

In our hands, the DPN requirement for oxygen 
uptake was the most consistent and characteristic 
feature of the tumor mitochondria. It was ob- 
served in every experiment with all tumors, 
whether rapid or slowly growing, and with DPN 
from commercial sources, as well as with material 
made in our laboratory. We recognize, however, 
that the methods of preparation of mitochondria 
are largely empirical; hence, in view of the many 
obvious differences in experimental conditions 
among different investigators, such as the tonicity 
of media, speed of centrifugation, concentrations 
of substrates and co-factors, temperature of incu- 
bation, etc., it is not too surprising that Potter et 
al. (26) found that certain tumor homogenates 
consume oxygen without DPN addition or that 
Kielley observed a pronounced DPN requirement 
only after short aging periods. Since a DPN re- 
quirement can be created for liver and kidney 
mitochondria by such mild treatments as freezing 
and thawing, hypotonicity, or aging at 0° (8), it 
seems probable that the DPN requirement of tu- 
mor mitochondria does not represent a fundamen- 
tal difference in the metabolism of neoplastic tissue 
but is due rather to structural characteristics of the 
mitochondria which are manifested by a loosening 
of the binding of DPN. 

The reasonable assumption that mitochondria 
of different cell types may vary in their ability to 
bind DPN or other coenzymes may serve to ex- 
plain certain observed differences in metabolism 
among various tissues. For example, a weakness in 
the binding of DPN by tumor mitochondria, such 
as is suggested by the present study, may provide 
a simple, rational explanation for one of the most 
perplexing features of the metabolism of tumor 
cells—namely, their high aerobic and anaerobic 
glycolysis. The extensive studies of LePage (12, 
13) have clearly established the fact that whole 
tissue homogenates, when fortified with DPN and 
other co-factors, can carry out glycolysis of hexose 
diphosphate at rates which are far higher than 
those observed for tissue slices acting on glucose, 
and have further shown that similar glycolytic lev- 
els are displayed by such fortified homogenates of 
both neoplastic and non-neoplastic tissues. These 
findings suggest that the potential glycolytic ca- 
pacities of these cells are similar, but that the rates 
of these processes may be controlled and regulated 
in the intact cell by the intracellular distribution of 
these co-factors. Inasmuch as the glycolytic en- 
zymes are in the soluble portion of the cytoplasm, 


it would be expected that glycolysis would be 
higher in tumor cells, in which DPN is loosely 
bound, and, hence, would be in correspondingly 
higher concentrations in the soluble portion of the 
cell where the process occurs. Conversely, glycoly- 
sis would be expected to be low in cells in which 
DPN is more strongly bound and, hence, not avail- 
able for maximal activity of the electron-transfer- 
ring steps of glycolysis. It is noteworthy in this 
connection that rat brain, whose mitochondria dis- 
played a DPN requirement in this study, is one of 
the small number of non-neoplastic tissues which 
has a high rate of glycolysis (27). The correlation 
of glycolytic activity with the intracellular dis- 
tribution of DPN is now under further investiga- 
tion. 


SUMMARY 


The oxidation of pyruvate and citric acid cycle 
components occurs readily and consistently in 
mitochondria of neoplastic tissues when these are 
fortified by the addition of DPN in rather high 
concentration. This DPN requirement cannot be 
replaced by other known coenzymes or adenine 
nucleotides. On a per milligram nitrogen basis, 
oxidations by such fortified mitochondria of neo- 
plastic tissues were quantitatively similar to their 
non-neoplastic counterparts. The suggestion is 
made that mitochondria of neoplastic tissues do 
not bind DPN as strongly as certain normal tis- 
sues, and that this may result in a correspondingly 
higher level of this coenzyme in the soluble portion 
of the cell cytoplasm. It is further suggested that 
this phenomenon may account for the charasteris- 
tically high glycolysis rates of intact tumor cells. 
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Metabolism of Neoplastic ‘Tissue. [V. A Study of Lipid 


Synthesis in Neoplastic Tissue Slices in Vitro" 


Grace Mepes, ALIcE THOMAS, AND SIDNEY WEINHOUSE 


(Lankenau Hospital Research Institute and the Institute for Cancer Research, Philadelphia, Pa.) 


Although considerable effort has been expended 
on the study of protein synthesis in neoplastic tis- 
sues (6-8), relatively little attention has been 
given to another synthetic process occurring in liv- 
ing cells, i.e., formation of the fatty acid carbon 
chain. The only data available at present with re- 
spect to this process in tumor cells are several ex- 
periments mentioned by Zamecnik e¢ al. (8) and 
Olson (3) which indicate that the primary hepa- 
toma of the rat, induced by administration of p- 
dimethylaminoazobenzene, can incorporate car- 
bon of radioactive acetate and glucose into fatty 
acids zn vitro. In the present study, the incorpora- 
tion of acetate and glucose carbon into the lipids 
of slices of a series of transplanted tumors was 
measured, with methyl-labeled acetate and uni- 
formly labeled biosynthetic glucose. 


EXPERIMENTAL PROCEDURES 


The tumors were maintained by subcutaneous 
implantation in rats of a special strain (1) or mice 
of the A and C3H strains. They were used when 
approximately 1 cm. in diameter. 

The methyl-labeled sodium acetate was ob- 
tained from Tracerlab, Inc., and the labeled glucose 
from the Oak Ridge National Laboratory, both 
having been allocated by the Atomic Energy Com- 
mission. The acetate was used in 0.01 molar con- 
centration after dilution with normal acetate to an 
activity of between 90,000 and 180,000 c.p.m., and 
the glucose was employed in a final molar concen- 
tration of 0.0044 after dilution to an activity of 
32,300 c.p.m. | 

The experimental procedures were essentially 
the same as previously reported for a study of 
fatty acid synthesis in non-neoplastic tissues of the 
rat (2). Approximately 5 gm. of fresh tissue slices 


* This study was aided by grants from the National Cancer 
Institute of the National Institutes of Health, U.S. Public 
Health Service; the American Cancer Society, recommended by 
the Committee on Growth of the National Research Council; 
— the Atomic Energy Commission, Contract No. At(30- 
1)777. 
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were shaken in modified Warburg vessels (5) for 4 
hours at 38° C. in 40 ml. of a saline medium contain- 
ing the labeled substrate. Oxygen was present in 
the gas phase, and respiratory carbon dioxide was 
collected in alkali in the center well. At the close 
of the incubation period, the flask contents were 
acidified by tipping in sulfuric acid from the side- 
arm, and, after allowing 10 minutes for complete 
absorption of the CQ,, the carbonate was assayed 
for radioactivity as described previously (2). The 
slices were extracted with alcohol and ether, and 
the fatty acids and nonsaponifiable matter were 
isolated according to standard procedures. In some 
experiments phospholipide fatty acids were sepa- 
rated from nonphospholipid fatty acids essentially 
as previously described (4). All the animals were 
fed ad libitum prior to use, but no special efforts 
were made to obtain optimal conditions for fatty 
acid synthesis, such as were employed in a previ- 
ous study (2). The animals were fed a diet of Allied 
Mills Laboratory checkers. 

Rates! of incorporation of the labeled carbon 
into the isolated components are reported as con- 
version capacities (C.C.), this value being defined 
as the micro-atoms of substrate carbon incorpo- 
rated into the product per gram dry weight of tis- 
sue per hour; it is calculated from the following 
formula: 


atoms carbon of product X sp. act. of product 
“~* gm. dry wt. tissue X hours X sp. act. of substrate 


To obtain specific activities, the various products 
were converted in some instances to barium car- 
bonate by oxidation and assayed as such; in most 
cases, however, the isolated fatty acids and non- 
saponifiable matter were assayed directly, and the 
values thus obtained were converted to their cor- 
responding activities as barium carbonate by ap- 
plication of a factor obtained experimentally. All 
activities were measured as infinitely thick layers 


1 Calculation of an hourly rate of lipogenesis from these ex- 
periments extending over 4 hours is justified on the grounds 
that this process has been observed to proceed linearly under 
these conditions in liver slices (2). 
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on a standard disk 7.5 sq. cm. in area and are re- 
ported in counts per minute per disk. 


RESULTS 
The ability of a variety of transplanted neo- 
plasms of the rat and mouse to incorporate acetate 
carbons into fatty acids and nonsaponifiable mat- 
ter is surveyed in Table 1. The results established 


TABLE 1 


INCORPORATION OF ACETATE INTO LIPIDS AND RE- * 
SPIRATORY CO, OF SLICES OF NORMAL 
AND NEOPLASTIC TISSUES 
Values are in conversion capacities (C.C.) 


: No. of Fatty Nonsaponifi- Respiratory 
Tissue Exps. acids able lipid CO2 


Liverofnormalrat 2 0.51,1.99 0.72,1.78 4.26, 20 

Liverofhepatoma- 3 0.39-2.47 0.23-1.39 25 
bearing rat 

Rat hepatoma 4 0.16-0.41 0.040.62 4.5 

Liver of hepatoma- 2 0.26,1.17 0.09,0.17 12, 24 
bearing mouse 

Mouse hepatoma 4 0.90-1.75 0.28-0.63 8.3-11.1 
(7A77) 

Kidney of normal 3 0.94-1.95 0.30-0.43 88-134 
rat 

Kidney of hepato- 1 1.63 0.067 103 
ma-bearing rat 

Normal rat spleen 1 0.38 0.025 12.4 

Normal rat testis 1 0.04 0.02 9.9 

Normal rat brain 1 0.03 0.009 1.14 

Normal rat muscle 1 0.02 0.001 1.84 

Mouserhabdomyo- 2 0.12,0.11 0.11,0.12 1.28 
sarcoma 

Mouse mammary 1 1.30 0.11 8.6 
tumor 


Mouse sarcoma 37 2 0.07,0.11 0.02,0.02 0.71,1.03 


beyond doubt that neoplastic cells can carry out 
lipogenesis, although the rates are rather low com- 
pared to those of liver and kidney slices. Of the 
various neoplasms studied, the mouse hepatoma 
7A77 displayed the highest rates of lipogenesis, ap- 
proaching those of the non-neoplastic liver cells; in 
general, however, the other tumors resembled non- 
hepatic normal tissues in their low rates of lipo- 
genesis. As observed previously (2), there was little 
correlation between lipogenic ability and the rate 
of acetate oxidation; however, comparison of the 
neoplastic with normal, nonhepatic tissues reveals 
that generally those tissues which oxidize acetate 
more readily also utilize more acetate carbon for 
lipogenesis. 

In Table 2 there is demonstrated a somewhat 
surprising difference between the hepatoma and 
its normal counterpart in the tumor-bearing ani- 
mal. Whereas the liver of the tumor-bearing ani- 
mal displayed a very low rate of incorporation of 
glucose carbon into fatty acids, a property shared 
by liver slices of normal rats (3, 8), the tumors 
readily formed fatty acids from glucose carbon. 
That these differences represent differences in the 


abilities of these tissues to utilize glucose is seen 
from the fact that the liver also displayed a low 
rate of glucose oxidation as shown by the relatively 
low incorporation of glucose carbon in the respira- 
tory CQ:. In contrast, the neoplastic tissue slices 
readily oxidized glucose; in each instance the rate 
of oxidation of glucose carbon was of the order of 
100 times the rate of its incorporation into fatty 
acids. 

In Table 3 several experiments are recorded in 
which differences were sought in the relative incor- 
poration of acetate carbon into phospholipid and 
nonphospholipid fatty acids. No decisive differ- 
ences were found; therefore, aside from confirming 
the experiments in Table 1, these experiments shed 


TABLE 2 


INCORPORATION OF CARBON FROM UNIFORMLY LA- 
BELED GLUCOSE INTO NONPHOSPHOLIPID FATTY 
ACIDS OF LIVER AND HEPATOMA SLICES 


Values are in conversion capacities (C.C.) 


Re- 

spira- 

Exp. Fatty tory 

no. Tissue acids CO, 

1 Liver of hepatoma-bearing rat 0.011 6.4 

Hepatoma 0.28 34.5 

2 Liver of hepatoma-bearing rat 0.02 5.5 

Hepatoma 0.46 39.3 

3 Liver of hepatoma-bearing rat 0.04 8.4 

Hepatoma 0.81 55.0 

4 Livers of hepatoma-bearing mice 0.01 5.6 
Hepatomas 0.71 

Sarcoma 37 (mouse) 0.31 37.3 

6 Sarcoma 37 (mouse) 0.32 44.0 

TABLE 3 


INCORPORATION OF ACETATE METHYL-CARBON 
IN LIPIDS OF NEOPLASTIC TISSUES 


Values are in conversion capacities (C.C.) 


ACIDS 
Non- Non- RE- 


Phos- phos-  SAPONIFI- SPIRA- 
pho- pho- ABLE TORY 
lipid lipid LIPID CO, 
Hepatoma, rat 0.19 0.09 0.06 4.95 
Hepatoma, mouse 0.93 0.82 0.30 8.45 
Rhabdomyosarcoma, mouse 0.03 0.08 0.01 1.% 
Mammary tumor, mouse 0.50 0.79 0.11 ° 


Sarcoma 37, mouse 0.04 0.03 0.01 


no light on the question of whether newly synthe- 
sized fatty acids appear first in phospholipids or 1n 
glycerides. 


DISCUSSION 
The results of this study demonstrate that tu- 
mor slices do not exhibit any extraordinary ability 
for lipogenesis; hence, we may conclude that the 
special capacity of tumor tissues for protein syn- 
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thesis does not extend to the fatty acid carbon 
chain. A rough calculation reveals, in fact, that 
rapidly growing tumors must obtain a large pro- 
portion of their lipids preformed from the host. 
For example, the rat hepatoma employed in this 
study reaches a diameter of approximately 1 cm. in 
7-10 days. This represents about 0.5 gm. of fresh 
tissue, of which about 5 per cent, corresponding to 
25 mg., is fatty acid. Taking the highest rate of in- 
corporation of glucose carbon as representative, 
we obtain the figure, 1 micro-atom/hour/gm dry 
wt = 0.1 micro-atom/hour/500 mg fresh wt, 
or 24 K 10 X 0.1 = 24 micro-atoms/10 days/500 
mg fresh tissue. This figure does not represent 
total fatty acid synthesis but indicates only how 
much of the added substrate has been so utilized. 
In another study (2) it was estimated roughly that 
total fatty acid synthesis in liver slices is about 4 
times the rate of acetate carbon incorporation. If 
we use the same factor here, we obtain a figure of 
about 100 micro-atoms of fatty acid carbon syn- 
thesized. This corresponds to 1,200 ug. of carbon; 
and, assuming a carbon content of 75 per cent, 
only 1,600 ug., or 1.6 mg. of fatty acid, could have 
been formed by the tissue. This figure is probably 
too high, since it is calculated from the rate of fatty 
acid synthesis based on the maximum weight of 
the tumor rather than its average weight during 
the growth period. Even allowing a considerable 
margin of error in these calculations, this value is 
far below the 25 mg. of fatty acid present in the 
tissue. 

The possibility that tumors are not entirely 
autonomous with respect to their needs for fatty 
acids suggests that tumor growth may under cer- 
tain circumstances constitute a drain on the lipid 
resources of the host. How such factors may affect 


the metabolism of the host and to what extent 
they contribute to the well known cachectic syn- 
drome of the tumorous animal are problems which 
await further investigation. 


SUMMARY 

A study of lipogenesis in neoplastic tissues has 
shown that acetate and glucose carbon can be 
utilized for synthesis of the fatty acid chain. How- 
ever, the data indicate that this process is proba- 
bly too slow to supply the lipid needs of a rapidly 
growing tumor, and the tumor must therefore ob- 
tain its lipids preformed from the host. 
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The Distribution of Stuulbamidine in the Livers of 
Normal and Sarcoma-bearing Mice* 


Epwarp L. BENNETT, Donatp E. Pack, Barsara J. KRUECKEL, AND 
JoHn C. WEAVER 


(Radiation Laboratory and Donner Laboratory of Medical Physics, University of California, Berkeley, Calif.)' 


In experiments preliminary to the possible use 
of carbon-14-labeled stilbamidine in the treatment 
of humans with multiple myeloma (2, 9, 26) it was 
found in normal mice that no abnormal concentra- 
tion of stilbamidine persisted in any tissue and 
that over 90 per cent of the injected radioactivity 
was excreted within a month (20). A tracer dose of 
C!+_labeled stilbamidine was then given to a hu- 
man with advanced multiple myeloma, and at 
autopsy 3 months later it was found that 60 per 
cent of the activity of the administered C'* was 
present in the liver. Because of this finding, mice 
bearing several types of tumors were studied; and 
it was found that much larger amounts of C4 (up 
to 40 per cent of the injected dose 4 days after ad- 
ministration) were concentrated in the liver of 
strain A mice bearing transplantable sarcomas and 
of mice with certain other tumors than in that of 
normal controls (27). Inasmuch as this very likely 
reflects important differences in the livers of nor- 
mal and tumor-bearing mice, this paper describes 
an investigation that has been made of the site of 
retention of the stilbamidine in the livers of such 
mice. These investigations have established that 
the stilbamidine is bound to the mitochondria or 
to a particle of very similar physical properties. 
The binding appears to be an association or ad- 
sorption rather than chemical in nature. It does 
not appear to be bound mainly to the nucleic 
acid, as has been suggested for the stilbamidine 
which is deposited in the cytoplasm of myeloma 
cells (26). 


° METHODS 
PREPARATION OF STILBAMIDINE-AMIDINE-C}} 
4,4’-Trans-stilbenedicarboxamidine was prepared by a pro- 
cedure modified from that reported earlier (20) and previously 
described methods (19) modified for tracer synthesis were em- 
ployed. Potassium cyanide and cuprous cyanide were prepared 


as described (25). 


* The work described in this paper was sponsored by the 
United States Atomic Energy Commission. 
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Cuprous cyanide-C" (349 mg.; 1.94 mm; 19.6 mc.), trans- 
dibromostilbene (657 mg.; 1.94 mm) (3), and cupric sulfate (45 
mg.) were sealed in a 15 X 180 mm. pyrex ignition tube to- 
gether with 5 ml. of pyridine (distilled from barium hydroxide). 
The contents were mixed and heated with shaking for 2 hours 
at 250°. The bomb and contents were allowed to cool to room 
temperature, and then the ignition tube was cooled in liquid 
nitrogen before opening. Subsequently, 10-15 volumes of cold 
6 m hydrochloric acid were added, and the product was re- 
moved by filtration, washed with acid, water, a small amount 
of cold absolute ethanol, and air-dried to yield 452 mg. (101 per 
cent) of 4,4’-trans-dicyano-C}}-stilbene. 

This compound (440 mg.) was sealed with 1.5 gm. of dried 
ammonium thiocyanate in an ignition tube, mixed, and heated 
at 185° + 5° for 14 hours. The tube was cooled in liquid nitro- 
gen before being opened. The contents of the tube were ex- 
tracted with 7-8 ml. of cold 0.5 m ammonium hydroxide and 
filtered. The precipitate was extracted with 10 ml. of 1 m hy- 
drochloric acid at 80°, filtered, and extracted with 20-nl. 
portions of warm water, and then with acid and water again 
until the total volume of the extract was about 100 ml. Subse- 
quently, the combined extracts were warmed, decolorized with 
20 mg. of Norite, made 2 m in hydrochloric acid, and stored at 
0° overnight. 4,4’-Trans-stilbene-dicarboxamidine hydrochlo- 
ride was dissolved in 10 ml. of water, filtered, precipitated 
with ammonia, and subsequently obtained as the diisethionate. 
The yield was 315 mg., an over-all yield of 32 per cent from 
cuprous cyanide, and the specific activity was 19.5 wc/mg. 
From other preparations yields of 50-55 per cent have been 
obtained. The compound had the same infrared spectrum as an 
authentic sample. Paper chromatography of the product indi- 
cated that only one radioactive compound was present with the 
same RF as an authentic sample (40 wt. per cent butanol-25 
wt. per cent propionic acid-35 wt. per cent water was used as 
the solvent system). 


EXPERIMENTAL METHODS 


F To establish the site and nature of retention of 
stilbamidine in the livers of the tumor-bearing 
mice, the following technics were used: (a) Frac- 
tionation with ultracentrifugation, (b) disintegra- 
tion of mitochondria by sonic disintegration or by 
release of gas pressure, (c) enzymatic treatment of 
centrifuged fractions. | 

Liver cell fractionation procedure (Chart 1).—For the studies 
reported here, 6-8-month-old, normal or tumor-bearing (Sar- 
coma-1) A strain mice, maintained on a diet of Purina Labora- 


tory Chow, were used. In each mouse of the tumor series, two 
sarcomas were implanted subcutaneously 7-10 days prior to 
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administration of the stilbamidine. At the time of sacrifice, the 
total tumor weight per mouse ranged from 0.8 to 6.3 gm. The 
mice were given intraperitoneal injections of 0.45 mg. of a 
freshly prepared solution of C!4-labeled stilbamidine diisethio- 
nate in 0.10 ml.of 0.9 per cent saline. Unless otherwise indi- 
cated, the mice were sacrificed by decapitation 96 hours after 
injection, and the livers were removed and fractionated by the 
methods described below. The mice were kept in cages designed 
to prevent contamination of food and water by excreta. 

The livers were fractionated essentially as described by 
Schneider and Hogeboom (22). All operations were carried out 
at 0-5°, with chilled solutions of 0.25 m sucrose. 

The livers were weighed, and an aliquot was removed to 
determine the radioactivity present by combustion and subse- 
quent determination in the form of barium carbonate. The 
remainder of the liver was forced through a masher to remove 
connective tissue. The pulp was homogenized in approximate- 
ly 10-12 volumes of 0.25 m sucrose. The homogenate (F-1) was 
centrifuged 10 minutes at top speed (about 2,000 r.p.m.) in an 
International clinical centrifuge. The sediment (F-2) of nuclei, 
unbroken liver cells, and red blood cells was generally re- 
homogenized and recentrifuged to yield the final sediment 
(F-2-A) and a supernatant (F-2-B), which was added to the 
first supernatant (F-3) and centrifuged at 9,000 r.p.m.! (3,440- 
7,350 g.) for 15 minutes, unless otherwise noted, to yield a 
precipitate (F-4) consisting mainly of mitochondria and a 
supernatant (F-4-S) containing microsomes and “‘soluble’’ con- 
stituents of the liver. The precipitate was rehomogenized in 
sucrose solution and recentrifuged at 18,000 r.p.m. (13,800- 
29,400 g.) for 15 minutes. This precipitate (F-4-P) was sus- 
pended in a suitable medium (i.e., water, 0.25 mM sucrose, or 
phosphate buffer, pH 7.7) depending upon the nature of 
further experiments with this fraction. All supernatants (F-5) 
were combined. 


DISINTEGRATION OF MITOCHONDRIA 

By sonic disintegration (11).—The precipitate containing 
mitochondria (F-4-P) (Chart 1) was homogenized briefly in 
water, sucrose solution, or phosphate buffer (0.002 m KH2,PO,- 
0.016 m K2HPO,, pH 7.7) and subjected to sonic disintegration 
for 60 minutes at 2°-4°.2 The disintegrated mitochondria (F-D) 
were centrifuged at 9,000 r.p.m. for 15 minutes to yield a gray 
precipitate (F-D-1) and a supernatant, which was centrifuged 
at 38,000 r.p.m. (61,000—130,000 g.) for 30 minutes to yield a 
reddish pellet (F-D-2) and the final supernatant (F-D-3). 

By release of gas pressure (7).—The mitochondrial precipi- 
tate (F-4-P), suspended in 0.25 m sucrose or phosphate buffer, 
pH 7.7, was subjected to one disintegration cycle with nitrous 
oxide and subsequently centrifuged to yield precipitates at 
9,000 r.p.m. (F-B-1) and at 38,000 r.p.m. (F-B-2) and a super- 
natant (F-B-3). 

Enzymatic treatment of fractions.—The mitochondrial pre- 
cipitate (F-4-P) and the disintegrated mitochondrial precipi- 
tate (F-D-P) were suspended in 0.25 m sucrose and 0.02 m 
phosphate buffer, pH 7.3, and were subjected to the action of 
crystalline ribonuclease (Armour) or trypsin (Armour crystal- 
line-50 per cent MgSO,) and chymotrypsin (Armour crystal- 
line) at 37°. Subsequently, the reaction mixture was fraction- 
ated by centrifugation. 


ANALYTICAL METHODS 


The measurements of radioactivity were made by direct 
plating of aliquots of the fractions (precipitates were resus- 


1A Spinco centrifuge with a No. 40 rotor was used for all 
high-speed centrifugation (Specialized Instrument Co., Bel- 
mont, Calif.). 

2A Raytheon 9 KC magnetostriction oscillator, type 
R-22-8 was used. 


pended by brief homogenization in water or sucrose solution, 
depending upon the requirements of subsequent experimental 
procedure), and the determinations were made with a pro- 
portional counter.* Self-absorption corrections were made 
where necessary. All determinations were made in duplicate. 
Checks were made by combustion and determination of the 
radioactivity in the form of barium carbonate by conventional 
technic. 

Nitrogen was determined colorimetrically after Kjeldahl 
digestion (13). Readings were made at 440 my in a Beckman 
Model DU spectrophotometer. 

Nucleic acids were precipitated in the cold by the addition 
of 50 per cent trichloroacetic acid (TCA) to a final concentra- 
tion of 12 per cent.* The precipitate was washed twice with 
cold 6 per cent TCA, then 3 times with 95 per cent ethanol, and 
finally extracted with 6 per cent TCA or perchloric acid for 15 
minutes at 90°. Ribonucleic acid was determined by the orcinol 
reaction (16, 17), and desoxyribonucleic acid by the diphen- 
ylamine reaction (5). Readings were made in a Beckman 
Model DU spectrophotometer at 660 my and 600 yu, respec- 
tively. Commercial yeast nucleic acid (Schwarz Laboratory) 
and sperm desoxynucleic acid (National Biochemical Corpora- 
tion) were used as standards. 

Succinoxidase activity was determined manometrically by 
the method of Schneider and Potter (24). 

In all cases, results were corrected for aliquots removed for 
analytical purposes. 


RESULTS 


Site of stilbamidine-C'* concentration in liver 
cells.—The experiments indicate that a large frac- 
tion, if not all the stilbamidine’® in the livers of 
sarcoma-bearing and normal A strain mice 4 days 
after the intraperitoneal injection of 0.45 mg. 
stilbamidine diisethionate is in the mitochondrial 
fraction. 

Table 1 summarizes the results of numerous 
ultracentrifugal fractionations of these mouse liv- 
ers. As can be seen from the table, the stilbamidine 
is found almost entirely in the mitochondrial frac- 
tion (F-4-P), and the distribution is the same 
whether the livers are from normal or sarcoma 
mice. About 14 per cent of the stilbamidine comes 
down with the slowly centrifuged nuclear fraction 
(F-2-A), and about the same amount remains in 
the final supernatant (F-5). This will be considered 
further. 

Table 1 also shows the desoxyribonucleic acid, 


3 Nucleometer, Radiation Counter Laboratories, Chicago. 


4 Unaccountably low and erratic ribonucleic acid analyses 
were obtained when the nucleic acid was precipitated with 12 
per cent perchloric acid (23). Investigation indicated that, al- 
though essentially identical results were obtained by the use of 
either acid immediately after sacrifice of the mice, in the 6-8 
hours required for a complete fractionation, the apparent PNA 
content obtained when HCIO, was used as the precipitant de- 
creased by 50 per cent or more. The desoxyribonucleic acid con- 
tent obtained by either method remained essentially the same. 


5 The radioactive compound present in the liver is referred 
to in this paper as stilbamidine. We have only preliminary evi- 
dence that the compound present in the cell may still be stil- 
bamidine; further work is in progress to determine definitely 
the chemical nature of the radioactive compound. 
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LIVER MASH 


Homogenized in 0.25M Sucrose 
Centrifuged lO minutes in clinical centrifuge 


PRECIPITATE F-2 U - 
Mitochondria, 
liver cells, red microsomes, 
blood cells soluble constituents 
Rehomogenized, recemrifuged 
PRECIPITATE F-2-A | SUPERNATANT F-2-B 
Manly nuclei, Mitochondria, etc. 
. red blood cells 
Centrifuge 9OOO RPM, I5 minutes 
3 440-7350 9 
PRECIPITATE F-4 
Mitochondria 
Rehomogenized, recentrifuged 
18 000 RPM, 15 minutes 
13 800- 29 4009 
PRECIPITATE F-4-P SUPERNATANT F-5 
Mitochondria Microsomes, 
soluble constituents 


Cuart 1.—Fractionation procedure for mouse liver 


TABLE 1 


DISTRIBUTION OF RADIOACTIVITY IN THE LIVERS OF NORMAL AND SARCOMA-BEARING 
A STRAIN MICE FOUR DAYS AFTER INJECTION OF STILBAMIDINE- 
AMIDINE-C}} DIISETHIONATE* 


PER CENT 


CENT 
PER CENT TOTAL C14 Per cent DNA PNA IN N IN 
IN LIVER IN FRACTION IN FRACTION FRACTION FRACTION 
Sarcoma- Sarcoma- Sarcoma- Sarcoma- 
Normal bearing Normal bearing bearing bearing 
FRACTION mice mice mice mice mice mice 
Nuclear ppt. (F-2-A) 14 13 78 76 10 15 
(11-19)T (8-20) (71-83) (67-83) (7-15) (15-18) 
Mitochondrial ppt. 73 75 10 10 28 25 
(F-4-P) (68-79) (67-80) (6-13) (7-13) (18-32) (20-30) 
Supernatant (F-5) 13 12 11 13 64 60 
(7-18) (8-16) (10-13) (10-16) (52-75) (54-68) 
Per cent injected dose 4.2 23 
in liver (3.0-5.5) (11-31) | 


* Nine normal A strain male mice, 6-8 months, average weight, 24 gm., average liver weight 1.1 gm., are represented. 
Twelve sarcoma-bearing A strain male mice, 6-8 months; average weight, 23 gm.; average liver weight, 1.2 gm.; and aver 
tumor weight (two tumors), 3.7 gm. (0.8-6.3 gm.) are represented. Total N averaged 31 mg. yon mg.); total DNA, 
3.3 mg. (3.0-3.5) in normal mice (4) and 3.4 mg. (2.9-4.1) in sarcoma-bearing mice (6). Total PNA averaged 13.5 mg. 
(11.1-14. 8 mg.). 
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ribonucleic acid, and nitrogen percentages in the 
different fractions. These values are in general 
agreement with those previously reported for liver 
fractionations (15, 21, 23, 24). 

It seemed likely that the stilbamidine found in 
other than the mitochondrial fraction (Table 1) 
represented incomplete separation of mitochondria 
from the nuclear fraction and the final supernatant 
during centrifugation. In order to confirm this, a 
comparison of succinoxidase activity and C* ac- 


incomplete separation of mitochondria. Further- 
more, the close correlation with radioactivity per- 
centages in these fractions is strong presumptive 
evidence that the radioactivity is associated with 
the mitochondria. 

To test further the postulate that stilbamidine 
is associated with the mitochondria, an experiment 
was performed using only a non-nuclear mitochon- 
drial fraction (F-3). Portions of this fraction were 
centrifuged at speeds from 1,800 to 9,000 r.p.m. 


TABLE 2 


COMPARISON OF SUCCINOXIDASE ACTIVITY AND RADIOACTIVITY IN FRACTIONS 
(Results expressed as per cent of total) 


M-11* M-13* M-16* M-17* M-20* M-65t M-66f 

Fraction S.0.t S.0 cl S.0. S.0. S.O. cu S.0. 
Nuclear F-2-A 14 11 17 +12 14 14 14 8 15 il 8 ll 8 9 
Mitochondrial F-2-B 13 12 18 16 17 9 9 16 15 15 5 8 10 8 


Mitochondrial F-3 73 65 72 69 78 78 76 70 74 88 81 82 83 


* A strain, sarcoma-bearing mice. 
t A strain normal mice. 
tS.O. = succinoxidase. 


Total mm? O2/hr consumed varied from 15—20,000 calculated for the total liver. 


TABLE 3 


DISTRIBUTION OF C' ACTIVITY, NITROGEN, PNA, AND SUCCINOXIDASE 
ACTIVITY UPON CENTRIFUGATION AT SEVERAL SPEEDS 


PER CENT PER CENT 


SPEED OF TOTAL OF TOTAL 
(R.P.M. FOR RELATIVE 9g. C'4IN  PPTED. AT 
15 MIN.) Mrn.—-Max.t PPT. 9,000 R.P.M. 
1,800 137-— 290 17 19 
3,750 595-1 ,270 53 60 
5,300 1,190—2,540 78 89 
7,000 2 ,070—4, 450 85 97 
9 ,000 3, 440-7 , 350 88 (100) 
1,800 137— 290 15 17 
3,500 520—-1,110 53 60 
4,400 820-1 ,750 68 76 
5,200 1,150—2, 440 80 90 
9,000 3440-7 ,350 89 (100) 


NITROGEN PNA SUCCINOXIDASE 
Per cent of Per cent of Per cent of 
total ppted. at total ppted. at total ppted. at 
9,000 r.p.m. 9,000 r.p.m. 9,000 r.p.m. 

29 20 
69 60 
80 79 
95 100 

(100) 100 

(29 per 
cent of to- 
tal N ppted.) 

ll 3.2 12.7 21 25 
65 10.2 43 68 80 
77 12.9 49 75 87 
80 16 67 79 92 

(100) 25.8 (100) 85 (100) 


* Sarcoma-bearing mice were used for the above experiments. 
+ Minimum and maximum refer to the g at the top and the bottom of the tubes. 


tivity of the several fractions was made. It has 
been shown that succinoxidase activity resides 
solely in the mitochondria (12), so the finding of 
some succinoxidase activity in the nuclear fraction 
would indicate ‘“‘contamination” with mitochon- 
dria. Table 2 shows that this is actually the case. 
The distribution of succinoxidase activity closely 
corresponds to the distribution of radioactivity. 
The fractions used for this correlation were the 
nuclear (F-2-A) and the two mitochondria-con- 
taining fractions (F-2-B and F-3) (Chart 1). Since 
succinoxidase activity resides only in the mito- 
chondria, this indicates that the succinoxidase ac- 
tivity present in the nuclear fraction was due to 


The sediment and supernatant of each centrifuga- 
tion were measured for succinoxidase activity and 
radioactivity. Table 3 shows the comparison of 
radioactivity and succinoxidase activity in the 
sediment of each centrifugation expressed as “per 
cent of total precipitated at 9,000 r.p.m.”’ and indi- 
cates for each centrifuged speed the percentage of 
radioactivity and succinoxidase sedimented, as 
compared to the total precipitated at 9,000 r.p.m. 
It may be seen that there is a good correlation be- 
tween the concentration of succinoxidase and that 
of stilbamidine. The largest deviation occurs in the 
mitochondrial sample sedimented at 3,500 r.p.m. 
There the sediment showed a C" activity of 60 per 


‘ 
¢ 
hy 
xi 
i 
4 
$e, 
A 
pe 
Salty 
5 
3 
a 
4 
+ 
X 
te 
4 
‘ 
SAS 


34 


Cancer Research 


cent versus a succinoxidase concentration of 80 
per cent. Furthermore, in this experiment there is 
a close relationship between the total nitrogen and 
the radioactivity (stilbamidine) in the centrifuged 
sediment. Two correlations indicating association 
of stilbamidine with the mitochondria are thus 
established by this experiment: (a) The percentage 
of succinoxidase activity (which is found only in 
mitochondria) correlates very closely with the per- 
centage of radioactivity (stilbamidine) in the dif- 
ferent centrifuged fractions. (b) There is a close 
relationship between total nitrogen content of the 
sediments and the C" activity. Since it almost 
certainly can be assumed that the nitrogen content 
of the sediment is chiefly from the mitochondria, 
this is good evidence that the stilbamidine is asso- 
ciated with the mitochondria. 


The mitochondrial sediment was suspended and 
disintegrated. This was then centrifuged at 9,000 
r.p.m. for 15 minutes producing sediment F-D-] 
(Table 4). The supernatant was then centrifuged 
at 38,000 r.p.m. for 30 minutes producing sediment 
F-D-2. The supernatant of this sediment is labeled 
F-D-3 in Table 4. 

Several interesting results were obtained in this 
experiment. Following sonic disintegration, as 
seen in Table 4, an average of 58 per cent of the 
C14 (stilbamidine) was sedimented at 38,000 r.p.m., 
and only 27 per cent was spun down at the slower 
speed of 9,000 r.p.m. About 15 per cent of the 
stilbamidine remained in the supernatant after the 
high speed centrifugation, suggesting either that 
this portion of the stilbamidine was detached from 
its binding to the mitochondria, or that this 


TABLE 4 
FRACTIONATION OF MITOCHONDRIA DISINTEGRATED BY SEVERAL METHODS 


SONIC DISINTEGRATION 
IN SUCROSE* 


Per Per Per 
EXPERIMENT cent cent cent 
Fractiont N PNA 
Sedimented at 9,000 r.p.m. Q7 11 9 
F-D-1 (26-28)t (10-13) (8-11) 
— at 38,000 r.p.m. 58 50 76 
-D-2 


(52-61) (40-58) (73-80) 
15 15 


Supernatant F-D-3 39 


DISINTEGRATION BY 
GAS PRESSURE RELEASE 
IN 0.02 M PHOSPHATE 


SONIC DISINTEGRA- 
TION IN 0.02 Mm 
PHOSPHATE BUFFER, 


DISINTEGRATION BY 
GAS PRESSURE RELEASE 


pH 7.7 IN 0.25 M SUCROSE BUFFER, pH 7.7 
Per Per Per Per Per Per Per Per Per 
cent cent cent cent cent cent cent cent cent 
cus N PNA cu N PNA cu N PNA 
12 8 67 31 45 66 29 23 
57 37 70 23 26 41 26 34 68 
17 51 20 10 42 13 8 37 9 


* The figures represent the average of three experiments; sarcoma-bearing mice were used in two experiments, normal mice in the third. 
t F-D-1 sedimented by centrifuging disintegrated mitochondria at 9,000 r.p.m. for 15 minutes; F-D-2 subsequently sedimented by centrifugation at 38,000 


r.p.m. for 30 minutes; and F-D-3 is the remaining supernatant material. 


t Range. 


Manner in which stilbamidine is attached to 
mitochondria.—Preliminary experiments showed 
that stilbamidine is related to the liver cell mito- 
chondria either by association or as a loose com- 
plex, because the stilbamidine can be readily ex- 
tracted by dilute hydrochloric acid or ammonium 
hydroxide in the cold. Since stilbamidine is not 
soluble in cold alcohol, warm alcohol, or ether, it is 
not surprising that efforts to extract radioactivity 
with these solvents were unsuccessful. Dialysis in 
the cold against sucrose and against 0.9 per cent 
sodium chloride removed little of the radioactivity. 
The lability of stilbamidine to acid excluded the 
use of trichloroacetic acid or perchloric acid to 
separate the nucleic acid in order to determine 
whether stilbamidine is combined with the ribo- 
nucleic acid. 

The problem was next attacked by breaking up 
the mitochondria in two ways: (a) sonic disinte- 
gration (11) and (b) disintegration by release of 
gas pressure (7). In both technics of disintegration, 
the experiments were performed on the mitochon- 
drial sediment of differentially centrifuged liver. 


amount of stilbamidine was attached to small pro- 
tein or other molecules. The fact that the great 
bulk of stilbamidine was sedimented indicates that 
there is binding with larger particulate constitu- 
ents of the mitochondria. Furthermore, only 15 
per cent of the ribonucleic acid content of the 
mitochondria remained in the final supernatant 
(Table 4). The inference might be, then, that the 
stilbamidine is combined with the ribonucleic acid 
in mitochondria, but this is later shown not to be 
the case. This also indicates that mitochondria 
contain particles rich in ribonucleic acid, or are 
surrounded by a membrane rich in ribonucleic 
acid, or both. About 50 per cent of the nitrogen 
content of the mitochondria was freed by sonic 
disintegration. This indicates that half of the pro- 
tein of these mitochondria was released in soluble 
form, while the other half belonged to the ribonu- 
cleic acid-rich particles and membrane. 

Further evidence that these mitochondria con- 
sist of a membrane, particles, and an interior 
soluble portion rich in protein is obtained by 
mitochondrial disintegration by release of gas 
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pressure. In Table 4 it is seen that essentially the 
same quantity of nitrogen was released into solu- 
tion as with sonic disintegration. However, it is 
interesting that considerably more stilbamidine 
and nitrogen were centrifuged down at the slow 
speed (9,000 r.p.m.) than following sonic disinte- 
gration. This suggests that sonic disintegration is 
more efficient in breaking up particles, or the 
mitochondrial membrane, than is release of gas 
pressure. 

Nature of the binding of stilbamidine in mitochon- 
dria.—In an effort to determine in what manner 
stilbamidine is fixed to the membrane and/or 
particles of the mitochondria, the effect of several 
enzymes was studied. If stilbamidine were chemi- 
cally bound to proteins, the action of proteolytic 
enzymes would solubilize a large part of it. Simi- 
larly, the action of ribonuclease should be effective 
if the stilbamidine were selectively bound to the 
ribonucleic acid. These studies were made on both 
undisintegrated mitochondria (F-4-P) and on dis- 
integrated (sonic) mitochondria (F-D-P). The re- 
sults of these studies are given in Table 5. It is seen 
that, for the undisintegrated mitochondria, neither 
ribonuclease nor trypsin and chymotrypsin sig- 
nificantly changed the distribution of radioactivity 
from that of a similarly treated sample to which no 
enzymes were added. The sediment of the disinte- 
grated mitochondria treated with proteolytic en- 
zymes contains less stilbamidine than either the 
disintegrated mitochondria treated with ribonu- 
clease or the sample to which no enzyme was 
added. This suggests that the sonic disintegration 
disrupted some large aggregates containing stil- 
bamidine to the extent that the proteolytic en- 
zymes were able to release some stilbamidine into 
solution. However, it is interesting to note that 
even though only 15 per cent of the nitrogen was 
found in the sediment of the disintegrated mito- 
chondria treated with proteolytic enzymes, 40 per 
cent of the stzlbamidine was present in this sedi- 
ment. It appears unlikely, then, that there 1s a real 
chemical binding of the stilbamidine to protein. As 
with the undisintegrated mitochondria, the ribo- 
nuclease had no effect on the stilbamidine content 
of the sediment from the disintegrated mitochon- 
dria. In all experiments there was sufficient ribo- 
nuclease action present so that, even in the undis- 
integrated mitochondria, only a small percentage 
(maximum, 22 per cent) of the ribonucleic acid re- 
mained, as determined by the conventional tri- 
chloroacetic acid method. These results almost cer- 
tainly indicate that the stilbamidine is not bound se- 
lectively to the ribonucleic acid of the mitochondria. 

Further evidence was obtained that would ap- 
pear to exclude the possibility that the stilbami- 


dine may be bound to the nucleic acid of liver. 
Ribonucleic acid and desoxyribonucleic acid were 
isolated from livers of sarcoma-bearing mice, to 
which stilbamidine had been previously admin- 
istered, by a method in which cold saturated sodi- 
um chloride was used to extract the nucleic acid 
and the protein was subsequently denatured with 
ether (8). Following precipitation with ethanol, 


TABLE 5 


EFFECT OF RIBONUCLEASE OR TRYPSIN AND CHY MO- 
TRYPSIN ON THE DISTRIBUTION OF RADIOAC- | 
TIVITY IN MITOCHONDRIAL FRACTIONS 


UNDISINTEGRATED DISINTEGRATED 
MITOCHONDRIA MITOCHONDRIA 
(F-4-P)* (F-D-P)* 
Per cent Per cent Per cent Per cent 
cu N cu N 
ENZYME TREATMENT in ppt. _in ppt. inppt. in ppt. 
No added enzyme 71 66 62 68 
Ribonuclease (2.7 mg.) 174 62 65 56 
Trypsin (2.2 mg.) and 71 41 42 15 
chymotrypsin (1.7 
mg. 


*Six A strain sarcoma-bearing mice were used in this experiment; 
therefore, in each incubation the mitochondria from the liver of approxi- 
mately one mouse was used. Incubations were carried out at 37° C. for 
2 hours with shaking in Warburg vessels in 0.25 m sucrose and 0.01 m phos- 
phate buffer, pH 7.3. F-D-P represents the precipitate obtained upon 
subjecting an aliquot of F-4-P to sonic disintegration for 1 hour at 2°-4° and 
subsequently centrifuging at 38,000 r.p.m. for 30 minutes. In this experi- 
ment 84 per cent of the C™ activity, 50 per cent of the nitrogen, and 83 per 
cent of the PNA were obtained in F-D-P. The percentages in the table above 
are those found in the precipitate upon centrifuging the incubated fractions 
at 38,000 r.p.m. for 30 minutes. The remainder of the activity and of the 
nitrogen was found in the supernatant. 


the nucleic acid was dialyzed and reprecipitated 
with ethanol. The nucleic acid isolated represented 
about 25 per cent of the initial ribonucleic acid 
present but contained less than 0.1 per cent of the 
initial radioactivity of the liver. 

Comparison of site of localization of stilbamidine 
with that of colloidal chromic phosphate.—It is 
known that colloidal chromic phosphate is quickly 
removed from the blood by the Von Kupfer cells of 
the liver (6). It seemed of interest to compare the 
distribution of colloidal chromic phosphate with 
that of stilbamidine in the centrifuged liver frac- 
tions. Five days before autopsy two sarcoma-bear- 
ing mice were given intravenous injections of col- 
loidal chromic phosphate (400-600 ue. P*?).6 The 
following day the usual intraperitoneal injection of 
stilbamidine-C!* was made. The results of the 
fractionation are given in Table 6. It may be seen 
that the distribution of radioactivity from the two 
isotopes is quite different. The stilbamidine, as 
noted above, is largely in the mitochondrial frac- 
tion, while the colloidal chromic phosphate is 
about equally divided between the nuclear frac- 
tion and the mitochondrial fraction. Intact Von 
Kupfer cells probably would be sedimented almost 
entirely in the nuclear fraction. It is likely that 


6 Dr. Ernest L. Dobson assisted with this experiment. 
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many of the Von Kupfer cells were broken in the 
macerating process. These would release their con- 
tent of colloidal chromic phosphate, which it might 
be surmised would then be sedimented with the 
mitochondrial fraction. Further consideration of 
this is beyond the scope of this paper. 

This experiment appears to indicate that stil- 
bamidine is not handled by the liver as a colloid, 
although the possibility exists that the stilbami- 
dine is collected by Von Kupfer cells and passed 


TABLE 6 


FRACTIONATION OF LIVER CONTAINING 
STILBAMIDINE-C¥ AND CHROMIC 
PHOSPHATE-P2* 


cu P22 
per cent per cent 
Fraction of total of total 
Nuclear sediment (F-2-A) 18 43 
Mitochondrial sediment 71 55 
(F-4-P) 
Final supernatant (F-5) 12 2 


_* Sarcoma-bearing A strain mice were used in this ex- 
periment. They were injected 5 days before sacrifice with 
) ) uc. of CrP2Q,, and at 4 days before sacrifice with 
stilbamidine-C*, The P® was determined by counting with 
a Geiger tube; C was determined after combustion to 
carbon dioxide. 


across the liver cell boundary into its cytoplasm 
and then adsorbed to the membrane of the mito- 


chondria. 
DISCUSSION 


The above experiments appear to show conclu- 
sively that stilbamidine present in the liver is near- 
ly all localized in or on the mitochondria. This is 
just as true of the livers of mice with sarcomas as 
of normal mice. Therefore, since much larger 
amounts of intraperitoneally or intravenously in- 


jected stilbamidine are concentrated in the livers 
of sarcoma-bearing mice than in the livers of nor- 
mal mice (27), it seems likely that there is a signifi- 
cant difference in the liver cell mitochondria when 
sarcoma is present elsewhere in the body. 

A qualitative difference between the soluble pro- 


teins of the liver cell mitochondria of C3H mice 


and the mitochondria of Hepatoma 98/15 has 


been shown (10). Since the tumor used in our ex- 


periment is a sarcoma and since we have observed 
no metastases in sections studied, it would be 
interesting to determine whether the soluble pro- 
teins of liver mitochondria in the mice with sar- 
comas are also altered. Such studies are in 
progress. The possibility also of qualitative differ- 
ences in the non-soluble portions of the mito- 
chondria is suggested by our findings. Until the 
nature of the binding of stilbamidine is more 
clearly known, it cannot be decided whether the 
primary difference here is a physical or a chemical 
one. 


Other evidence linking mitochondrial altera- 
tions in mice with malignancy (sarcoma and ear- 
cinoma) has recently been presented by Annau ef 
al. (1). These workers have demonstrated marked 
histologic changes in the liver cell mitochondria of 
these tumor mice. These changes are characterized 
by a change in the size and shape of the liver cell 
mitochondria as compared to normal and are more 
marked with the more advanced tumors. It is of 
interest that, in our series, there is excellent corre- 
lation with tumor weight and liver concentration 
of stilbamidine—heavier tumors correlating with 
larger liver concentrations (unpublished results). 
We have also observed a marked increase in the 
concentration by the liver of stilbamidine in nor- 
mal mice following heavy irradiation of the liver 
with colloidal chromic phosphate (P**) and follow- 
ing liver damage with carbon tetrachloride. The 
stilbamidine is mostly confined to the mitochon- 
dria in the irradiated livers, as in the livers of other 
mice. Mice treated with carbon tetrachloride were 
not tested in this way. These findings suggest that 
some important change occurs in the function of 
mitochondria in response to a variety of stimuli. 
Whether this response in the tumor animals is 
produced by some toxic product of the tumor tis- 
sue or whether it is of some entirely different 
nature is not known. 

Although others have presented evidence for a 
chemical binding of stilbamidine with ribonucleic 
acid (26), our studies indicate that, in the liver 
cell at least, stilbamidine almost certainly is not 
attached to the ribonucleic acid. The evidence 
strongly suggests that there is no true chemical 
binding of stilbamidine with any substance of the 
mitochondria. It seems most likely that the stz- 
bamidine is adsorbed to the membrane or particulate 
matter of mitochondria. Evidence that mitochon- 
dria contain a membrane and inner particles has 
been presented by Dalton et al. (4). Studies with 
the electron microscope have also indicated a 
membrane and particulate bodies (28, 18). The 
membrane is composed of short protein fibrils and 
globular protein molecules, while the bodies con- 
sist of ribonuclear protein. Our studies and those 
of Hogeboom et al. (10) indicate that, in addition, 
the mitochondria contain a relatively large amount 
of protein (about 50 per cent) in a soluble form, 
and this is apparently not associated with the nu- 
cleic acid. The experiment described in Table 4 
shows that the stilbamidine is not attached to the 
soluble protein, since very little was present in the 
supernatant which contained this protein. 

In our liver fractionation experiments, the val- 
ues for the distribution of nitrogen, ribonucleic 
acid, and desoxyribonucleic acid are in general 
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agreement with those reported by others (21, 23, 
24); this indicates that our fractionation technic is 
comparable. However, our value for the percent- 
age of ribonucleic acid in the mitochondrial frac- 
tion is somewhat higher than that reported by the 
above authors and may represent some contamina- 
tion by the microsomal fraction. Furthermore, 
desoxyribonucleic acid was observed in small 
amounts in other fractions than the nuclear sedi- 
ment. The presence of some DNA outside of the 
nuclear fraction is probably due to disruption of 
some of the nuclei. The homogenate was not 
ejected through a hypodermic needle, since it has 
been considered that this would disrupt nuclei 
(21). 

Other experiments carried out in this laboratory 
have shown that a high retention of stilbamidine 
in liver after injection is not unique to tumor-bear- 
ing mice. Studies to be the subject of another com- 
munication show that human patients with multi- 
ple myeloma retain an unexpectedly large amount 
of stilbamidine in the liver and that this appears to 
be mostly concentrated in the mitochondria of the 
liver cells. 


SUMMARY 


The radioactivity present in the livers of normal 
and sarcoma-bearing mice after injection of stil- 
diisethionate has _ been 
shown to be present primarily in the mitochondria 
isolated by differential centrifugation in 0.25 mM or 
0.88 m sucrose. Subsequent disintegration of the 
mitochondria by sonic disintegration, or by release 
of gas pressure, released a large amount of the pro- 
tein and dialyzable constituents into solution but 
only a small amount of the radioactivity. The 
particulate material remaining contained most of 
the stilbamidine and the ribonucleic acid of the 
mitochondria. However, experiments with ribonu- 
clease and with trypsin and chymotrypsin on this 
fraction and on undisintegrated mitochondria in- 
dicate that the radioactivity was not associated 
with the ribonucleic acid or with the soluble, or 
perhaps even with the insoluble, protein of the 
mitochondria. Indeed, even though no clear evi- 
dence for the exact nature of the retention of the 
stilbamidine has been obtained, it appears most 
likely to be an association, possibly adsorption, 
with the membrane or particulate material of the 
mitochondria. 
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Refractoriness in the Therapy of Transplanted 
Mouse Leukemia” 


Martua J. Pottak, ARTHUR KiRSCHBAUM, AND JOSEPH WAGNER 


(Departments of Anatomy, University of Minnesota Medical School, Minneapolis, Minn., and College of Medicine, 
University of Illinois, Chicago, Ill.) 


For specific transfer lines of mouse leukemia, 
survival time is increased if certain chemical 
agents are administered. Compounds exerting this 
effect are ethyl carbamate (14, 18, 20, 28), the 
nitrogen mustards (5), folic acid antagonists (2, 3, 
4, 17, 24, 29), benzene (11, 18), potassium arsenite 
(11, 14, 18), competitive metabolic analogs (1, 15, 
18, 19), and specific hormones (7, 37). Radiation 
therapy may effect similar results (10, 11, 18). The 
response to these agents is usually followed by a 
refractoriness to continued treatment with the 
same agent. 

Resistance of specific cells to drug therapy was 
first observed in trypanasome infections treated 
with arsenicals (8). It is well known that micro- 
organisms may become insensitive to the effects of 
sulfonamides and antibiotics. 

Similarly, the development of resistance to the 
folic acid antagonist, A-methopterin, was de- 
scribed in AK4 mouse leukemia (6, 9), originally 
responsive to this agent (2). The new A-methopter- 
in-resistant subline did not respond to other folic 
acid antagonists possessing a substituent 4-amino 
group within its molecule (8). Three sublines of 
lymphatic leukemia, L1210, of strain DBA, were 
developed (21—23). These exhibited refractoriness 
to A-methopterin, A-ninopterin, and A-denopter- 
in, all closely related folic acid analogs. Resistance 
to one of these agents imparted resistance to the 
other two. The above studies suggested that re- 
sistance to treatment resided in the leukemic cell. 

The problem of drug fastness may not, however, 
be confined to the parasitic organism or neoplastic 
cell. A host factor in drug resistance has been sug- 
gested (12, 13, 25). 

The purpose of this investigation was to de- 
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termine the probable residence of the fastness de- 
veloped in the treatment of myeloid mouse leu- 
kemia with potassium arsenite and to compare 
biologically A-methopterin and potassium arsenite 
fastness. Preliminary experiments suggested that 
the injection of potassium arsenite into normal 
mice, before transplantation of line 15 myeloid 
leukemic cells, might inhibit the antileukemic ef- 
fect of the drug. Consequently, experiments were 
devised to determine the contributions of the host 
and the leukemic cells in this particular drug re- 
sistance. 


MATERIALS AND METHODS 


Line 926, a transfer line of lymphatic mouse leukemia 
originating in the F strain, responds to therapy with the 
folic acid antagonist, A-methopterin (17).! Line 15, a myelog- 
enous mouse leukemia, also of F strain origin, has responded 
to treatment with potassium arsenite (14).? In the latter, re- 
sponse was temporary in transfer generations 74-91, although, 
in the transfer generations up to the 32d, a majority of the 
treated mice did not become leukemic. 

In the 68th transfer generation of line 15, an attempt was 
made to establish a refractory subline of cells by the following 
procedure. The spleen of a leukemic donor was minced and 
diluted with isotonic saline to contain approximately 3,000,000 
cells/0.1 cc. One-tenth cc. of this suspension was injected 
intraperitoneally into each mouse.*? One-half of the trans- 
planted animals remained untreated to serve as controls. The 
other half were treated daily with potassium arsenite. Treat- 
ment was begun 24 hours following transplantation. When re- 
sponse to potassium arsenite failed to continue, as evidenced by 
palpable spleen and enlarged peripheral lymph nodes, the 
leukemic mouse was killed and used as a transplant donor. 


1 4-Amino-N?!°-methyl-pteroylglutamic acid (Lederle Lab- 
oratories). Therapeutic dose was 0.05 mg. in 0.1 cc. distilled 
water for mice weighing approximately 20 gm. 


2In the form of Fowler’s solution, which was diluted with 
distilled water to contain 0.1 mg. arsenic trioxide in 0.1 cc. of 
this solution, was used for 20-gm. mice in all experiments, 
unless otherwise specified. 


3 F, hybrids were obtained by crossing an F or FA (derived 
from F) strain male with females of other strains. The F; 
generation is 100 per cent susceptible to the development of 
lines 15 and 926 transplanted leukemia. Although these lines 
arose spontaneously in the F strain, they may be grafted into 
the FA strain or FA F; hybrids. 
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This subline was designated line 15A. Roman numerals I, II, 
and so forth (Table 1) indicate the transfer generation of the 
subline. In this manner, line 15 leukemic cells were passed 
through successive generations of potassium arsenite-treated 
hosts. In the 101st-109th transfer generations, this procedure, 
designed to obtain potassium arsenite resistant cells, was 
repeated. 

An analogous plan was followed with line 926 in which 
daily treatment with A-methopterin was begun 24 hours fol- 


TABLE 1 


SUBLINES 15A AND 15B OF LINE 15. THE EFFECT OF PAS- 
SAGE OF LINE 15 LEUKEMIC CELLS THROUGH SUCCES- 
SIVE GENERATIONS OF HOSTS TREATED WITH POTAS- 
SIUM ARSENITE 


(Selected transfer generations are given) 


No. 
TRANSFER No. TREAT- SURVIVAL IN DAY NEGaA- 
GENERATION MICE MENT* Range Av. TIVET 
Subline 15A 

15 T 68 + C 13—20 16.2 0 
3 P 30-105 80.0 1 

15A T 691 g C 17-18 17.6 0 
P 27-105 66.0 1 

15A T 74 VI 3 C 16—22 19.6 0 
4 P 82-105 99.2 3 

15A T 80 XII 4 + 36-46 39 .6 0 
5 15-100 61.2 3 

15A T 81 XIII 5 i 29-100 58.8 1 
P 32-100 68.8 2 

15A T 82 XIV 4 i 36-111 56.8 0 
5 P 46-100 49.6 + 

15A T 83 XV 5 C 23-100 47.8 1 
5 r 38-100 83 .0 3 

Subline 15B 

15B T101 I 5 C 19-38 25.2 0 
5 P 27-47 31.8 Q 

15B T1041V 5 + 18-91 41.0 1 
5 P 26-53 39 .6 1 

15B T107 VII 5 c 21-54 33.8 0 
5 37-100 67.2 

VIII 5 34-100 73.4 0 
4 P 28-49 36.6 Q 

15B T110 X 4 C 21-33 26 .0 0 
5 25-48 40.0 


* P designates animals treated with potassium arsenite following trans- 
plantation. C denotes controls which were inoculated with cells from a 
mouse of the previous transfer generation which had become leukemic 
during treatment with potassium arsenite. 


t All mice surviving longer than 100 days after transplantation are listed 
as negative if nonleukemic at that time. 


lowing transplantation. The development of an A-methop- 
terin-resistant subline was instituted in the 65th transfer gen- 
eration by passage through A-methopterin-treated hosts. 

Preliminary experiments suggested that response of line 15 
transplanted Jeukemia to arsenic therapy was altered by the 
injection of the drug into mice before the transplantation of 
leukemic cells. The mice seemed to develop an earlier re- 
fractoriness to treatment. Several experiments were devised 
to study this phenomenon. 

F, hybrids (15-20 gm.) were given daily injections of 
potassium arsenite 7-67 days prior to transplantation. The 
mice were then transplanted with the line 15 leukemic cells. In 
each of the experiments all animals received 3,000,000 cells. 
Daily treatment with potassium arsenite was continued until 
death. Leukemic cells were also transplanted into a group of F; 
hybrids, half of which were carried without treatment as con- 
trols, the other half receiving potassium arsenite daily follow- 
ing transplantation until death. 


To determine whether the fastness was relative or absolute, 
another group of mice received potassium arsenite for 14 
days prior to transplantation, but after transplantation the 
dose of Fowler’s solution was increased from 0.1 cc. to 0.15 ce. 
daily. 

Although the trivalent potassium arsenite prolonged sur- 
vival of line 15 leukemia, a gram molecular equivalent of 
pentavalent potassium arsenate was chemotherapeutically rela- 
tively inactive. To ascertain whether the post-transplantation 
response to therapy was inhibited specifically by trivalent 
arsenic, pentavalent potassium arsenate was administered for 
14 days prior to transplantation. Post-transplantation treat- 
ment was with trivalent potassium arsenite. 

To test for a similar host resistance to A-methopterin, F, 
hybrids were injected with this drug prior to and after trans- 
plantation. Control groups were either treated with A- 
methopterin only after transplantation, or were untreated. 


RESULTS 


Potassium arsenite resistance of the host due to 
pretransplantation injections.—When _ treatment 
with potassium arsenite preceded transplantation 
of line 15 leukemic cells, the drug was ineffective 
in appreciably increasing survival time. Animals 
of this category survived only slightly longer than 
untreated controls (Chart 1). Only four out of 63 
mice which received potassium arsenite before and 
after transplantation lived more than 20 days, 
whereas fifteen out of eighteen which received the 
potassium arsenite only after transplantation sur- 
vived 21 days or more. The average survival of 
those receiving arsenite injections only following 
transplantation was 46 days, as compared to the 
control survival of 19 days. Mice treated before 
and after transplantation lived an average of 24 
days (Table 2). 

The chemotherapeutic effect was thus nullified 
by pretransplantation treatment with Fowler’s 
solution. Insensitivity to therapy was manifest re- 
gardless of length of pretreatment (7-67 days), al- 
though those injected only 7 days tended to live 
longest. 

Drug resistance was overcome when pretreated 
F, hybrids were given 13 times (0.15 cc.) the usual 
therapeutic dose of potassium arsenite following 
transplantation, the development of leukemia be- 
ing inhibited in three of five mice inoculated with 
leukemic cells. 

Although treatment with potassium arsenate 
did not increase survival time significantly (19.5 
against 18.0 days in controls), pretreatment with 
pentavalent arsenic for 14 days prevented the re- 
sponse to potassium arsenite therapy. The average 
survival in nine pretreated mice was 22 days 
(range, 19-24 days), whereas seven of nine animals 
treated with potassium arsenite alone following 
transplantation outlived any of the pretreated 
mice, four animals never developing leukemia. 

Thus, it was demonstrated that the response of 
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SURVIVAL TIMES OF POTASSIUM ARSENITE-TREATED AND UNTREATED 
MICE INOCULATED WITH LINE 15 LEUKEMIA 


POTASSIUM ARSENITE TREATMENT 
BEFORE (7-67days) AND AFTER 
TRANSPLANTATION 


20 
NUMBER DAYS SURVIVAL 


59 84 


POTASSIUM ARSENITE TREATMENT 
ONLY AFTER TRANSPLANTATION 


a 


UNTREATED CONTROLS 


25 30 35 


Cuart 1 


TABLE 2 


EFFECT OF TREATMENT WITH THE DRUG BEFORE TRANS- 
PLANTATION ON RESPONSE OF THE LINE OF LEUKEMIA 
TO THE SAME DRUG FOLLOWING TRANSPLANTATION 


LinE 15 (PoTassIUM ARSENITE REFRACTORINESS) 


No. of mice Survival time in days Av. survival 
Group I 
(Potassium arsenite treatment before 
and after transplantation) 


20 days or less 21 days or more In days 

63 59 4 24 

Group II 
(Potassium arsenite only after transplantation) 

18 3 15 46 

Group III 
(No treatment with potassium arsenite) 
31 30 1 19 


Link 926 (A-METHOPTERIN REFRACTORINESS) 


Group I 
(A-methopterin treatment before 
and after transplantation) 


21daysorless 22days or more In days 

35 8 27 24 

Group II 

(A-methopterin only after transplantation) 

30 6 24 

Group III 

(No treatment with A-methopterin) 

34 34 0 11 


myelogenous leukemia line 15 was nearly absent if 
the hosts had been injected prior to transplanta- 
tion with either potassium arsenzte or arsenate. 

Lack of cellular fastness to potassium arsenite.— 
Attempts to produce a potassium arsenite-resist- 
ant subline of line 15 by repeated transfer of leu- 
kemic cells through treated hosts were not success- 
ful. Mice inoculated with line 15 cells passed 
through seven generations of arsenite-treated hosts 
(designated line 15A) survived longer than ani- 
mals inoculated with cells that had been passed 
through successive generations of untreated mice 
(Table 1). Survival in line 15 which has been un- 
treated ranges from 14 to 28 days, whereas in line 
15A the control survival was 23 to over 100 days. 
However, treatment with potassium arsenite in- 
creased survival in line 15A beyond that in con- 
trols of this subline (see generations XII through 
XV in Table 1). 

Spontaneous development of refractoriness to po- 
tassium arsenite.—Through the 35th transfer gen- 
eration, treatment with potassium arsenite caused 
a majority of the mice to survive indefinitely with- 
out developing leukemia (14). In the 74th through 
the 91st transfer generations survival was con- 
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sistently prolonged, although the animals became 
leukemic. Subsequently, line 15 has been relatively 
refractory to the effects of potassium arsenite, but 
in a small percentage the development of leukemia 
is still completely inhibited. Line 15 retains its 
susceptibility to the antileukemic action of ure- 
than to a greater degree than to arsenite, since all 
treated mice survived longer (25-45 days) than 
any of the controls (13-19 days) in the 110th 
transfer generation. The degree of response to 


tation was 25 days. Thirty-nine controls survived 
an average of 11 days (Table 2). 

Cellular fastness to A-methopterin.—Continued 
passage of line 926 leukemic cells through A- 
methopterin-treated hosts produced a subline 
which completely resisted A-methopterin therapy. 
The first two passages of cells responded to the 
agent (Table 3). In the third generation the re- 
sponse diminished, and, by the sixth transfer re- 
sistance to A-methopterin was complete. 


SURVIVAL TIMES OF AMETHOPTERIN-TREATED AND UNTREATED 


MICE 


AMETHOPTERIN TREATED 
BEFORE (14-24days) AND 


—-NWAO 


¥ AFTER TRANSPLANTATION 


INOCULATED WITH LINE 926 LEUKEMIA 
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NUMBER OF DAYS SURVIVAL 


CHART 2 


urethan is also diminished, however, if compared 
to the effect in the 10th transfer when controls 
survived 26 days and treated animals more than 
80 days (18). Apparently, with an increase in 
malignancy of transfer lines during frequent 
transplantation, treatment highly effective in 
early transfers becomes less potent in prolonging 
life. The development of resistance to potassium 
arsenite during the course of transplantation has 
been observed for other myeloid sublines of the F 
strain (lines X, 686). 

Lack of host resistance to A-methopterin from pre- 
transplantation injections.—Treatment of recipi- 
ents with A-methopterin prior to transplantation 
of line 926 leukemic cells did not alter response to 
the agent (Chart 2). The average survival of 32 
mice treated both before and after transplantation 
was 24 days, while the average survival of 30 mice 
receiving A-methopterin only following transplan- 


Mice transplanted with line 926 cells and 
treated with A-methopterin still respond to the 
drug. On the other hand, line 926 R (resistant to 
A-methopterin) has retained its refractoriness, 
even when passed through ten generations of nor- 
mal, untreated hosts. 


DISCUSSION 


Resistance to chemotherapy of transplanted 
mouse leukemia may reside in either the host or 
the leukemic cell, depending upon the chemo- 
therapeutic agent, the procedure used to induce 
refractoriness, and the line of leukemia involved. 
Resistance to A-methopterin was induced in the 
cells of line 926 R by their passage through hosts 
treated with the drug, whereas passage of line 15 
cells through a similar number of generations of 
arsenite-treated hosts did not induce cellular re- 
fractoriness. Refractoriness to arsenite treatment 
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was induced by pretreatment of the host with the 
drug prior to transplantation, whereas similar host 
treatment with A-methopterin did not induce A- 
methopterin resistance of line 926 leukemia. 

During the passage of line 15 through 118 gen- 
erations of previously untreated hosts, a relative 
cellular refractoriness to the antileukemic action of 
potassium arsenite has appeared. As indicated 
above, however, the development of this resistance 
was not accelerated by passage of line 15 cells 
through arsenite-treated hosts. In the thirteenth 
to the 33d transfer generations, 25 of 37 treated 
mice survived more than 100 days after trans- 
plantation, and were considered negative for leu- 
kemia. In the 90th—95th transfers, although sur- 
vival time was still increased by treatment with 
potassium arsenite, in only relatively few animals 
was the development of the disease completely in- 
hibited. Since the type of host has been the same, 
the development of this refractoriness must have 
occurred within the cell. 

The longer survival of untreated mice inocu- 
lated with leukemic cells from arsenite-treated 
hosts suggests a change in the cells. Survival time 
in line 15 (transfer generation 118) averages 18 
days (range, 14-26), whereas untreated animals 
inoculated with cells (line 15A) from the transfers 
through arsenite-treated hosts survived as long as 
53 days, with a few animals remaining negative. 
This same increase in survival time was obtained 
when in another experiment line 15 cells were 
passed through arsenite-treated hosts from the 
101st to the 109th transfers (Table 1). 

Host resistance to arsenite therapy of line 15 
produced by pretransplantation injections might 
occur as a result of acquisition by the host of the 
ability to either detoxify or increase the rate of 
excretion of arsenic. Unlike the host refractoriness 
to arsenic demonstrated in the case of line 15 leu- 
kemia, the drug resistance exhibited by trypana- 
somes, plasmodia, and bacteria resides within 
these organisms. The trypanasomes made resistant 
to arsenic by continued passage through treated 
hosts stain differently from the arsenic-sensitive 
parasites (26). In the case of an antifol-resistant 
subline of leukemia, AK4/R, the biochemical ac- 
tivity in the synthesis of nucleoprotein differed 
from its sensitive biological homolog, AK4 (27). 
Up to this time, no morphologic differences be- 
tween antifol-sensitive and resistant sublines have 
been described. 

Preliminary experiments indicate that cellular 
refractoriness to x-radiation may not alone be re- 
sponsible for the radioresistance of transplant- 
able lymphosarcomas.* A lymphosarcoma passed 

*C. Nice and A. Kirschbaum, unpublished data. 


through seven generations of hosts in which the 
tumor was locally radiated until radioresistant 
continued to respond to x-radiation when grafted 
into normal hosts. If regression was induced by 
systemic radiation of the host including the tumor, 
the results were similar. 

Mice transplanted with line 15 leukemic cells 
and treated with pentavalent arsenic did not sur- 
vive appreciably longer than untreated animals. 


TABLE 3 


SUBLINE 926 R OF LINE 926. THE EFFECT OF PASSAGE OF 
LINE 926 LEUKEMIC CELLS THROUGH SUCCESSIVE GEN- 
ERATIONS OF HOSTS TREATED WITH A-METHOPTERIN 


(Selected transfer generations are given. The effect 
on line 926 in the 156th transfer 


is also indicated.) 
TRANSFER No. TREAT- SURVIVAL IN DAYS 
GENERATION MICE MENT* Range Av. 
926 R 
926 T 65 3 C 8-13 11.0 
3 A 19—28 23 .6 
T 661 3 C 11-14 12.6 
1 A 16 16.0 
T 67 II 3 C 11-14 12.6 
3 A 17-21 19.0 
T 69 IV 3 C 8-14 11.6 
2 A 12-29 20.5 
T70V 3 C 11-17 13.3 
3 A 12-17 15.0 
T 71 VI 2 C 10-13 11.5 
1 A 10 10.0 
T 72 Vil 3 C 10-13 11.3 
2 A 9-13 11.0 
T 89 XXIV 4 A 8-18 10.7 
T 91 XXVI 4 NA 8-10 9.2 
T 103 XXVI 4 NA 8-15 11.0 
T 104 XXVII 3 A 7-14 10.7 
T 122 XLV 3 A 8-9 8.3 
T 123 XLVI 3 NA 8-9 8.3 
T 131 XLVI 3 NA 8.0 8.0 
T 132 XLVII 3 A 7-9 7.7 
T 141 LVI 3 A 7-9 8.3 
Line 926 
T 156 5 © 7-9 8.0 
5 A 13-19 16.0 
T 113 5 C 9-14 11.0 
+ A 22-29 25.2 


* (’ denotes controls; A denotes animals treated with A-methopterin 

following transplantation; NA denotes discontinuance of A-methopterin 
in the hosts after resistance had developed. 
Pretreatment with pentavalent arsenic did, how- 
ever, induce refractoriness to the antileukemic 
action of the trivalent potassium arsenite. It 
would be of interest to determine whether arsenite 
refractoriness is induced by the previous adminis- 
tration of organic arsenicals. 

The development of a resistant subline of line 
926 by passage through A-methopterin-treated 
hosts confirms the observations of others (6, 8, 9, 
21, 22, 23). The resistance of the leukemic cells to 
A-methopterin might be explained by (a) muta- 
tion of leukemic cells induced by A-methopterin, 
(b) spontaneous mutation of leukemic cells coinci- 
dental with, but independent of treatment, (c) 
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adaptation of leukemic cells, or (d) selective sur- 
vival of cells initially insensitive to therapy. 


SUMMARY 

Refractoriness of line 15 leukemia to potassium 
arsenite was induced by pretreating mice with the 
drug prior to transplantation, indicating residence 
of refractoriness within the host. Although line 15 
cells have ultimately become relatively refractory 
to potassium arsenite during the course of routine 
passage through untreated hosts, such cellular re- 
fractoriness was not accelerated by treatment of 
successive generations of hosts with potassium 
arsenite. On the other hand, an A-methopterin— 
resistant subline, 926 R, was established by re- 
peated passage of line 926 leukemic cells through 
A-methopterin-treated hosts. Treatment of the 
host with A-methopterin before transplantation 
did not alter the response of line 926 leukemia to 
that agent. These results suggest that two separate 
types of resistance of transplanted leukemias to 
drugs may be induced—one a cellular resistance 
residing in the leukemic cell, the other a resistance 
generated by the host. 


REFERENCES 


1. BurcHENAL, J. H.; Benpicu, A.; Brown, G. H.; Exton, 
G. B.; Hutcuines, G. H.; Raoaps, C. P.; and Stock, 
C. C. Preliminary Studies of the Effect of 2,6-Diamino- 
purine on Transplanted Mouse Leukemia. Cancer, 2:119- 
20, 1949. 

2. BurcHENAL, J. H.; Brepiter, J. L.; Nuttine, J.; and 
StospsBE, G. D. The Effects of 4-Amino-N!°-methyl- 
pteroylglutamic Acid on the Leukocytes of the Normal 
and Leukemic Mouse. Blood, 5:167—76, 1950. 

8. BurRcHENAL, J. H.; BurcHENAL, J. R.; Kusnrpa, M. N.; 
JOHNSTON, S. F.; and Wriurams, B. S. Studies on the 
Chemotherapy of Leukemia. II. The Effect of 4-Amino- 
pteroylglutamic Acid and 4-Amino-N!°-methyl-pteroyl- 
glutamic Acid on Transplanted Mouse Leukemia. Cancer, 
2:113-18, 1949. 

4. BurcHENAL, J. H.; Jonnston, S. F.; BurcHEenat, J. R.; 
Kusuipa, M. N.; Rosrinson, E.; and Stock, C. C. 
Chemotherapy of Leukemia. IV. Effect of Folic. Acid 
Derivatives on Transplanted Mouse Leukemia. Proc. Soc. 
Exper. Biol. & Med., 71:381-87, 1949. 

5. BurcuHenaL, J. H.; Lester, R. A.; Ritey, J. B.; and 
Ruoaps, C. P. Studies on the Chemotherapy of Leukemia. 
I. Effect of Certain Nitrogen Mustards and Carbamates 
on Transmitted Mouse Leukemia. Cancer, 1:399—412, 1948. 

6. BurRcHENAL, J. H.; Rosrnson, E.; Jonnson, S. F.; and 
Kusuipa, M. N. The Induction of Resistance to 4-Amino- 
N’°-methyl-pteroylglutamic Acid in a Strain of Trans- 
mitted Mouse Leukemia. Science, 111: 116-17, 1950. 

7%. BurcHEeNaL, J. H.; Stock, C. C.; and Ruoaps, C. P. The 
Effects of Cortisone and ACTH on Transplanted Mouse 
Leukemia. Cancer Research, 10: 209, 1950. 

8. BurcHENAL, J. H.; Wesser, L. F.; Metcs, G. M.; and 
Brepier, J. L. A Comparison of the Effects of 4-Amino- 
N?}°-methyl-pteroylglutamic Acid and 2,6-Diaminopurine 
upon Sensitive and Resistant Sublines of a Strain of Mouse 
Leukemia. Blood, 6:337-—43, 1951. 

9. Enruicu, P. Experimental Researches of Specific Chemo- 
therapeutics: Lecture III. Chemotherapeutic Studies on 
Trypanasomes. Lancet., 2:351—53. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


26. 


27. 


Evans, T. C., and QuinBy, E. Studies on the Effects of 
Radioactive Sodium and Roentgen Rays on Normal and 
Leukemic Mice. Am. J. Roentgenol., 55: 55-66, 1946. 
Fiory, C. M.; Furtu, J.; Saxton, J. A., Jn.; and Rerer, 
L. Chemotherapeutic Studies on Transmitted Mouse Leu- 
kemia. Cancer Research, 3:'729-43, 1943. 

Futton, J. D., and Yorxe, W. Studies in Chemotherapy. 
XXIX. The Development of Plasmoquine Resistance in 
Plasmodium knowlesi. Ann. Trop. Med. 35: 233-39, 1941. 
Garrop, L. P. Acquired Bacterial Resistance to Chemo- 
therapeutic Agents. Bull. Hyg., 25:539-51, 1950. 
GetssE, N. C., and KrrscuspauM, A. Transplanted Mouse 
Leukemia as a Test Object for the Evaluation of Chemo- 
therapeutic Agents. Cancer Research, 10: 108-11, 1950. 
Go.pin, A.; GREENSPAN, E. M.; and E. B. 
Studies on the Mechanism of Action of Chemotherapeutic 
Agents in Cancer. IV. Relationship of Guanine and 
Guanylic Acid to the Action of Guanazolo on Lymphoid 
Tumors in Mice and Rats. J. Nat. Cancer Inst., 11:319- 
37, 1950. 

Kipper, G. W.; Dewey, V. C.; Parks, R. E., Jr.; and 
Woopsipr, G. L. Further Evidence on the Mode of 
Action of 8-Azaguanine (Guanazolo) in Tumor Inhibition. 
Cancer Research, 11:204—-11, 1951. 

KirscuBaum, A.; N.; Jupp, Sister T.; and 
Meyer, L. F. Effect of Certain Folic Acid Antagonists on 
Transplanted Myeloid and Lymphoid Leukemias of the 
F Strain of Mice. Cancer Research, 10:762-68, 1950. 
KirscuBauM, A.; Jupp, Sister T.; Lu, C. S.; ENestrom, 
R. M.; and Mrxmrr, H. Effect of Urethane, X-Rays, Po- 
tassium Arsenite and Benzol on Survival Time in Trans- 
planted Mouse Leukemia. Proc. Soc. Exper. Biol. & Med., 
68:377-80, 1948. 

Law, L. W. The Effects of a Guanine Analogue on Acute 
Lymphoid Leukemia. Proc. Soc. Exper. Biol. & Med., 
66: 158-61, 1947. 

. Effect of Urethane on a Transplantable Acute 
Lymphoid Leukemia. [bid., pp. 158-61. 

. Observations on Properties of Leukemic Cells 
Resistant to Folic Acid Antagonists. J. Nat. Cancer Inst., 
11:849-65, 1951. 

. Response of a Resistant Variant of Leukemic 
Cells to an Antagonist of Pteroyl Glutamic Acid. Proc. 
Soc. Exper. Biol. & Med., 77:340-44, 1951. 

Law, L. W., and Bortz, P. J. Development of Resistance 
to Folic Acid Antagonists in a Transplanted Lymphoid 
Leukemia. Proc. Soc. Exper. Biol. & Med., 74:599-603, 
1950. 


. Law, L. W.; Dunn, T. B.; Borie, P. J.; and MILuer, 


J. H. Observations on the Effect of a Folic Acid Antagonist 
on Transplanted Lymphoid Leukemias in Mice. J. Nat. 
Cancer Inst., 10:179-91, 1949. 


. Manoney, J. F., and Van Styxe, C. J. Chemotherapy of 


Gonorrhea. Bull. New York Acad. Med., 21:18, 1945. 
ScHuELER, F. W. The Mechanism of Drug Resistance in 
Trypanasomes. II. A Method for the Differential Staining 
of Normal and Drug Resistant Trypanasomes and Its 
Possible Relation to the Mechanism of Drug Resistance. J. 
Infect. Dis., 81: 139-46, 1947. 

Skipper, H. E., and BurcuEenat, J. H. The Nucleic Acid 
Inhibiting Action of 4-Amino-N!°-methyl-pteroylglutamic 
Acid in Mice with a Sensitive and Resistant Strain of Leu- 
kemia. Cancer Research, 11: 229-31, 1951. 

Weir, D. R., and Herne, R. W. Effect of Urethane on 
Transplanted Leukemia of AK Mice. Proc. Soc. Exper. 
Biol. & Med., 66: 268-70, 1947. 

Weir, D. R.; Wetcna, A.; and Hern ez, R. W. Effect of an 
Antagonist of PGA on the Leukemia of AK Mice. Proc. 
Soc. Exper. Biol. & Med., 71:107-11, 1949. 


| 
|| 
Fg 
igi 
\ 
| | 
3 
| | 
> 
28 
ice 
Spr 


The Effect of Cortisone on the Hyperplasia Produced 
in Mouse Skin by Croton Oil” 


A. C. Ritcuir, SHusik, MontTaGuE LANE,} AND E. P. Leroy 


(Division of Oncology, The Chicago Medical School, and Department of Pathology, Mount Sinai Hospital, Chicago 8, Ill.) 


This paper describes the effect of cortisone on 
the hyperplasia produced in mouse skin by appli- 
cations of croton oil. It has been reported that cor- 
tisone is able to inhibit mitotic activity in the epi- 
dermis of normal mouse skin but is unable to do so 
in epidermis rendered hyperplastic by applications 
of the carcinogen, 9,10-dimethyl-1,2-benzanthra- 
cene (24, 25). It thus becomes of interest to know 
whether this refractory state is due to some special 
quality of the carcinogen, or whether other agents 
capable of causing hyperplasia, and, in particular 
croton oil, would make the epidermis equally re- 
fractory. Croton oil is of special interest, for, 
though it is not itself a carcinogen (8, 35, 41), it is 
able to induce tumors in skin which has been pre- 
viously treated with carcinogen, even though the 
carcinogen was in such small dose that, alone, it 
would induce only an occasional papilloma (7, 32). 

Salaman and Gwynn (41) claimed that the hy- 
perplasia produced by applying croton oil to pre- 
viously untreated mouse skin differed histological- 
ly from that seen when the oil was applied to skin 
which had been previously treated with carcino- 
gen. For this reason, the effect of cortisone was in- 
vestigated, not only on the hyperplasia produced 
by applying croton oil to previously untreated 
skin, but also on that produced by applying it to 
skin previously painted with 9,10-dimethyl-1,2- 
benzanthracene. The cortisone was given by intra- 
peritoneal injection, either as a single massive dose 
5 hours before the mice were killed and the skin 
fixed or by daily injection throughout the period 
during which croton oil was administered. 


MATERIALS AND METHODS 


Adult, virgin female mice of the C strain, weighing 20-25 
gm., were used. They were kept in plastic cages and fed on 
Rockland mouse diet, both food and water being freely avail- 
able at all times. 

The animals were divided into seven groups (Table 1). The 


* This work was supported by research grants from the 
National Cancer Institute of the National Institutes of Health, 
Public Health Service, Bethesda, Md. 


+ Present address: Jewish Hospital of Brooklyn, Brooklyn 
16, N.Y. 
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carcinogen was applied to an area in the interscapular region, 
clipped free of hair, as a 1.5 per cent (weight/volume) of 9,10- 
dimethyl-1,2-benzanthracene (Eastman Kodak) in light 
mineral oil (Superla 34, Standard Oil of Indiana). The carcino- 
gen was applied once only, the application being made 33 days 
before the first application of croton oil. The croton oil was 
applied to the same clipped area as a 5 per cent solution of 
oleum crotonis B.P. (Boots) in light mineral oil (Superla 34, 
Standard Oil of Indiana), applications being made twice a 
week until ten had been given. The single terminal dose of 
cortisone was of 5 mg. and was given 5 hours before the mice 
were killed and the skin fixed; 0.2 ml. of cortisone acetate 
(Merck) was injected intraperitoneally. For the daily dose, 


TABLE 1 
DIVISION INTO GROUPS 
TREATMENT 
Dimethylben- 
Group  zanthracene* Croton oilf Cortisonet 

1 None None None 

2 None Ten applications None 

3 None Ten applications 5 mg. terminally 
4 None Ten applications 1 mg. daily 

5  Oneapplication Tenapplications None 

6 Oneapplication Tenapplications 5 mg. terminally 
7  Oneapplication Tenapplications 1mg. daily 


* 1.5 per cent 9,10-dimethyl-1,2-benzanthracene in mineral oil. 
t 5 per cent croton oil in mineral oil twice weekly. 
t By intraperitoneal injection. 


1 mg. was injected intraperitoneally, cortisone acetate (Merck) 
being diluted with normal saline so that each ml. contained 
2 mg. The dilution was made immediately before use. The first 
injection was given just before the first application of croton 
oil, and the last 5 hours before death and fixation. In order to 
minimize the effect of the diurnal variation in mitotic activity 
(11, 12, 13, 18, 22, 36), the injections were given at 9:30 a.m. 
and the applications of croton oil made immediately after- 
wards. 

It should be noted that the dose of cortisone used in these 
experiments was large. Spain, Molomut, and Haber (44) gave 
mice 1 mg. twice a day for 5 days and mention no toxic effects, 
but Antopol (1) found that 2.5 mg. daily for 9 days caused 
marked toxic changes in his mice. The 1 mg. injected daily in 
this experiment did not seem toxic, and, in another experiment 
in which injections were continued for several months, did not 
cause loss of weight. It is, of course, a much larger dose than is 
used clinically, being of the order of 40 mg/kg. 

The mice were killed with chloroform 5 hours after the last 
injection of cortisone and 29 hours after the last application of 
croton oil. The areas of treated skin were excised, stretched on 
filter paper, and fixed for 24 hours in a 10 per cent solution of 
formaldehyde in normal saline. They were then cut at right 
angles to the direction of the hair, so that three preparations 
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could be made of each and blocked in paraffin. Sections cut 
at 6 were stained with hematoxylin and eosin, by the 
Feulgen reaction, by Van Geison’s method, and in acidified 
1 per cent aqueous toluidine blue; and sections cut at 10-15 yu 
by Verhoeff’s method for elastic fibers. 


RESULTS 


Histological examination showed that in all the 
mice treated with croton oil, there was gross hy- 
perplasia of the skin. As compared to the untreat- 
ed animals, the epidermis was greatly thickened, 
its cells and their nuclei were enlarged and the hair 
follicles and sebaceous glands rendered hyperplas- 
tic. The dermis, too, was thickened, hyperemic, in 
places edematous, and the collagen sometimes 
showed the thinning described by Orr (35). The 
elastic tissue was scanty; the mast cells increased 
in number. The subdermal fat was thickened and 
hyperemic. There was no epilation. In none of these 


LA 


from 8 to 49 days. The increase was not so great 
as was found by Bullough! and Mottram (33), who 
reported that applications of 1 per cent croton oil 
in acetone increased the mitotic rate approximate- 
ly 10 times. The data were examined statistically, 
analysis of variance showing that there was no sig- 
nificant difference between mitotic rate in the mice 
treated with 9,10-dimethyl-1,2-benzanthracene 
and those not so treated, but that the rate was 
higher in the mice given cortisone. The probability 
that the difference in rate between the animals 
given a single terminal dose of cortisone and those 
given none arose by chance was less than 1 per 
cent, and the probability that the difference be- 
tween those given daily injections and those given 
none, about 2 per cent. This slight increase in 
mitotic rate could mean either that the injections 
of cortisone caused a real increase in mitotic activi- 


TABLE 2 
MITOTIC RATE IN EPIDERMIS 


No previous treatment 


TREATMENT 
Ten applications of croton oil 
Previously painted once with 
dimethylbenzanthracene 


1 mg. 5 mg. 1 mg. 5 mg. 
No No cortisone cortisone No cortisone cortisone 
TREATMENT cortisone daily terminally cortisone daily terminally 
No. mice _ 6 10 9 9 5 6 4 
Av.* mitotic frequency 1.3 7.3 7.9 9.5 7.5 8.3 11.1 


* Number of mitoses per 1,000 epidermal cells. 


respects was any difference detected between the 
untreated mice and those injected with cortisone. 
These findings are in contrast to reports that, 
when no irritant is applied, cortisone and ACTH 
cause thinning of the epidermis, the dermis, and 
subdermal fat in the rabbit and the rat (3, 4, 6, 
14), and, in the dog, rat, and man a reduction in 
the number of mast cells (2, 9, 14, 15). 

The mitotic frequency was estimated by count- 
ing the epidermal nuclei in two of the three sec- 
tions from each mouse and expressing the mitoses 
as a percentage of the total. The nuclei of the hair 
follicles and their mouths were excluded from the 
count. The findings are shown in Table 2. The rate 
in the untreated epidermis was of the order found 
by other investigators, who report from 0.1 to 0.3 
per cent of mitoses (17, 18, 19, 23, 39). As can be 
seen, croton oil greatly increased the mitotic rate, 
the increase being as great as that reported by 
Cooper and Reller (19), who found 0.99 per cent of 
mitoses in epidermis which had been painted with 
0.6 per cent 20-methylcholanthrene in benzene 
twice a week for 37 days, and greater than was re- 
ported by Gliicksmann (23), who found only 0.36 
per cent in epidermis which had been treated with 
1 per cent 3,4-benzpyrene in acetone weekly for 


ty or that they lengthened the mitotic cycle. In 
either case, the rate, as estimated by the percent- 
age of nuclei in mitosis, would be increased. 

It has been reported that cortisone in large 
doses incréased the likelihood of infection in mice, 
rabbits, and rats (1, 16, 31, 38) and in the rabbit 
and the guinea pig made infection spread more 
widely (31, 40, 43). No such action was seen in 
this experiment. Intra-epithelial abscesses were 
seen in most of the mice painted with croton oil, 
but they were no more common and no more ex- 
tensive in the animals given cortisone than in those 
not. Cortisone has also been found to reduce the 
inflammatory exudate in the mouse (21, 44), the 
rabbit (30, 31, 46), the guinea pig (34), and man 
(28), though perhaps not in the rat (42, 45). Many 
of the mice painted with croton oil showed areas in 
the dermis which were infiltrated with inflamma- 
tory cells, but these changes were as frequent and 
as marked in the mice injected with cortisone. 


DISCUSSION 


Parenterally administered cortisone thus failed 
to modify the hyperplasia produced in the skin of 
the mouse by applications of croton oil, except by 


1W.S. Bullough, personal communication. 
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slightly increasing the mitotic rate in the epider- 
mis. That cortisone should have little effect on 
epidermal hyperplasia is in accord with the find- 
ings of Nilzén (34), who found that it reduced “‘in- 
significantly or not at all” the epidermal hyper- 
plasia induced by applying undiluted croton oil, a 
solution of cantharidin or a solution of colchicine 
to the skin of the guinea pig, and with the reports 
of those who studied its effect on wound healing. In 
the mouse (44), the rabbit (6, 10, 26, 27, 29, 37), 
the guinea pig (47), and man (5, 20), cortisone and 
ACTH have been found to have little direct effect 
on regenerating epidermis. Grcen and Savigear 
(25) found cortisone equally unable to reduce 
mitotic activity in mouse epidermis made hyper- 
plastic by the carcinogen 9,10-dimethyl-1,2-benz- 
anthracene, and so there is no reason to assume 
any difference between the reaction to cortisone of 
epidermis made hyperplastic by applications of 
carcinogen and that of epidermis made hyperplas- 
tic by croton oil, wound healing, or other means. 
However, in another experiment, Green and Savi- 
gear (25) found that ischemic shock decreased the 
mitotic frequency in the hyperplasia produced in 
the skin of mice by croton oil but had no effect on 
the hyperplasia induced by 9,10-dimethyl-1,2- 
benzanthracene. 

As no difference was detected between the reac- 
tion to cortisone of the hyperplasia produced by 
applying croton oil to skin which had been previ- 
ously painted with 9,10-dimethyl-1,2-benzanthra- 
cene, and that of the hyperplasia produced by ap- 
plying the oil to skin not previously treated, these 
findings do nothing to support Salaman and Gwynn 
(41) in their claim that the two kinds of hyperplasia 
are different. | | 

SUMMARY 

1. Repeated applications of croton oil caused 
marked hyperplasia of the skin of the mouse. 

2. Cortisone proved unable to modify this hy- 
perplasia except by slightly increasing the mitotic 
rate in the epidermis. 

3. The hyperplasia produced by applying croton 
oil to skin previously given a single application of 
the carcinogen 9,10-dimethyl-1,2-benzanthracene 
reacted in the same way to cortisone as did the 
hyperplasia produced by applying croton oil to 
skin not previously treated. 
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In Vivo Inhibition of Succinoxidase Activity in Normal 
and Tumor Tissues by Antimycin A* 


ARNOLD E. REIF AND VAN R. PoTtrTerR 


(McArdle Memorial Laboratory, University of Wisconsin, Madison 6, Wis.) 


Ackermann and Potter (1) have suggested that 
a preferential inhibition in cancer tissue of an en- 
zyme common to cancer and normal tissues might 
be theoretically possible. This inference was 
drawn from in vitro experiments in which “‘irre- 
versible’”’ inhibitors were found to affect enzyme 
activity to an extent depending upon the amount 
of the enzyme exposed to the inhibitor. Injection 
of the inhibitor into the whole body would pre- 
sumably inactivate most of the enzyme in a tissue 
low in that enzyme, while in a tissue rich in that 
enzyme only a small fraction would be inacti- 
vated in the absence of complicating factors such 
as cell permeability and variation in blood flow. 

Data from earlier studies (1, 6) indicated that 
antimycin A might be suitable for a model study 
designed to test the suggestion of Ackermann and 
Potter, since this inhibitor was specific in action, 
highly effective in low concentration, and was an 
inhibitor of an enzymatic constituent that an wtro 
tests showed to be relatively low in tumor tissue 
and normal spleen, lung, and thymus, in compari- 
son with normal heart, liver, kidney, brain, and 
skeletal muscle. 

In the present report data are presented to 
show the enzyme-titrating function of antimycin A 
in vivo and in vitro. In addition, data are given in 
support of the concept that a titrating inhibitor 
may be pseudo-irreversible, as earlier defined (1), 
if it can be dissociated from the enzyme with the 
result that enzyme activity is restored. Reactiva- 
tion of the enzyme has been demonstrated both 
im vivo and in vitro in this investigation. 


EXPERIMENTAL! 


Albino rats of specified weight and sex were ob- 
tained from the Holtzman-Rolfsmeyer Company 
* This work was supported by a grant from the Jonathan 


Bowman Fund for Cancer Research. A preliminary report has 
appeared (7). 


1 We are indebted to Dr. F. M. Strong for generously pro- 
viding antimycin A for these studies, to Dr. Asger Langlykke 
of E. R. Squibb & Sons for the cytochrome c, and to Dr. G. A. 
LePage for some of the tumor transplants. 
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of Madison. Tumor-bearing animals were females 
of this strain, which had received subcutaneous 
implants of tumor mince at a single site at the 
age of 5 weeks. 

Antimycin A was administered by intraperi- 
toneal injection of a solution in propylene glycol, 
unless otherwise indicated. The strength of solu- 
tions was adjusted so that between 0.15 and 0.3 
ml. was injected into each rat. In control experi- 
ments, an equivalent quantity of pure solvent was 
administered. 

The assay system for succinoxidase activity 
measures the rate of enzymatic oxidation of po- 
tassium succinate by tissue homogenates in a con- 
ventional Warburg apparatus at 38°C. (9). To 
obtain comparable rates of oxygen uptake with 
different tissues, 10 mg. of heart or kidney, 15 mg. 
of liver, 30 mg. of brain, 50 mg. of muscle, spleen, 
lung, or thymus, and 100 mg. of tumor tissue were 
assayed as water homogenates in duplicate War- 
burg flasks. 


RESULTS 


I. COMPARISON OF ENZYME-TITRATING EFFECTS 
in Vivo AND in Vitro 


Mortality data.—Table 1 gives the mortality 
data obtained following the intraperitoneal injec- 
tion of antimycin A into 120-150-gm. female rats. 
The LDs5o value calculated from this table is 0.81 
mg/kg. 

Lethal doses of antimycin A usually caused 
death within 15-90 minutes after injection, de- 
pending on the size of the dose. Very few of the 
animals that survived the initial 90-minute period 
died later; no animals died after surviving a 24- 
hour period, although surviving animals were ob- 
served for 3 weeks following injection. These find- 
ings are in contrast to the results obtained by 
Ahmad, Schneider, and Strong by admixing anti- 
mycin A in the feed of rats (2), and indicating that 
a more rapid absorption of antimycin A occurs 
when it is administered intraperitoneally. 

Injections of lethal doses of antimycin A caused 
air hunger that increased in severity until death. 
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Some of the rats which had been injected were de- 
capitated when at the point of death. The tissues 
to be tested were removed into isotonic saline, 
homogenized in water, and assayed for succinoxi- 
dase activity with the least possible delay—usual- 
ly within 3-1 hour. 


of Chart 1 was obtained by adding increasing 
amounts of antimycin A to a series of Warburg 
flasks containing a constant quantity of tissue, 
with the result that the succinoxidase activity of 
successive flasks was increasingly inhibited.These 
results are an extension of previously published 


data (6) and represent the mean of two experi- 
ments, except in the case of heart (14 experiments, 
mean titer 7.2, standard deviation 1.4), liver (12 
experiments, mean titer 2.2, standard deviation 
0.8), and Flexner-Jobling carcinoma (9 experi- 
ments, mean titer 0.48, standard deviation 0.13). 


TABLE 1 


MORTALITY DATA FOR THE IN- 
TRAPERITONEAL INJECTION 
OF ANTIMYCIN A INTO 120—- 
150-GM. FEMALE RATS 


Dose i The antimycin A titer of the different tissues is 
mg/kg Deaths/no. injected 
.e 3/3 considered a measure of the amount of a succinoxi- 
0.9 3/5 dase component present in the tissues. As evi- 
“ “po dence may be cited the fact that the quantity of 
06 oo inhibitor required to produce 50 per cent inhibi- 
0.4 0/3 tion is strictly proportional to the quantity of 
TABLE 2 


SUCCINOXIDASE ACTIVITY OF RAT TISSUES EXCISED 1 HOUR AFTER INJECTION 
OF 1 MG ANTIMYCIN A/KG RAT 


All values of enzyme activity are expressed as the 10/20 ratio (ul. O2 uptake in 10 min. by 20 mg. wet tissue). 
Control rats were injected with an equal quantity (up to 0.2 ml.) of the solvent (propylene glycol) used for the 
injection of antimycin A into treated rats. Mean values are averaged from duplicate succinoxidase determinations 
performed with five different rats* 


STATISTICAL TEST OF 


ConTROL TREATED DIFFERENCE IN MEANS 
Mean Standard Mean Standard Probability 
TissvuE value deviation value deviation P Significance 

Heart 148 16 157 34 >0.6 not significant 
Kidney 125 18 116 20 >0.5 “ 
Liver 69 8.9 28 8.6 <0.01 highly significant 
Brain 32 8.5 31 2.2 >0.4 not significant 
Muscle 28 4.9 26 6.2 >0.5 ” 
Spleen 15.0 1.2 1.6 0.4 <0.01 highly significant 
Lung 9.8 1.2 2.5 1.0 <0.01 a 
Thymus 10.2 2.3 8.5 1.6 >0.2 not significant 
Flexner-Jobling 8.9 1.2 8.1 0.8 >0.1 “ 

carcinoma 
Walker 256 car- 10.4 1.3 9.6 1.6 >0.4 te 

cinosarcoma 
Jensen sarcoma 5.3 0.9 0.8 0.7 <0.01 highly significant 


_ * Except control values for spleen and thymus (four rats each), treated values for lung (four rats), control and treated Flexner-Jobling car- 
cinoma (eight rats each), and control and treated Jensen sarcoma (ten rats each). In all cases 120-150-gm. female rats were used, and results 
for normal tissues were obtained with nontumor-bearing normal animals. 


Effect of lethal dose of 1 mg/kg.—Table 2 com- 
pares the succinoxidase activities of control tis- 
sues with those from animals injected with 1.0 
mg antimycin A/kg, which has proved uniformly 
lethal, as shown in Table 1. The activity of each 
tissue was determined in duplicate, with the excep- 
tion of control tissues. The significance of the re- 
sults was tested by the standard ¢ test (4). Suc- 
cinoxidase activities of heart, kidney, brain, mus- 
cle, thymus, Flexner-Jobling carcinoma and Walk- 
er 256 carcinosarcoma were not significantly 
affected, but those of liver, spleen, lung and Jensen 
sarcoma were strongly inhibited. These results 
should be examined in the light of the 2n mtro evi- 
dence presented in the bottom figure of Chart 1. 

The “‘antimycin A titer” in the bottom figure 


tissue present (Chart 2) and that the antimycin A 
titer of different tissues runs roughly parallel with 
succinoxidase activity and, therefore, also with 
cytochrome oxidase activity and cytochrome c 
content (6). Hence, the bottom figure in Chart 1 
illustrates the gradation in content of the affected 
enzyme in different tissues, as determined by in 
vitro experiments. 

According to the simplest case of the in vivo ap- 
plication of the proposal by Ackermann and Pot- 
ter (1), injection of the inhibitor into the whole 
animal should titrate the same absolute amount of 
enzyme in different tissues. Hence, the percentage 
inhibition of injected animals, as shown in the top 
chart, should run parallel to the in vitro data for 
enzyme content in the bottom chart, with a con- 
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stant amount corresponding to the enzyme ti- 
trated by the injection of antimycin A subtracted 
from the in wtro data. Such a correspondence 
would indicate that tissues with a relatively low 
enzyme content are strongly inhibited by anti- 
mycin A injected into the intact animal, while 
tissues with a high enzyme content are affected to 
a much smaller degree. The actual data show 
that, for the five tissues with the highest 7n vitro 
enzyme levels that were tested—namely, heart, 
kidney, liver, brain and muscle—only one, the 
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RAT TISSUES 


Cuart 1.—A comparison of in vitro with in vivo data. 

Top.—Succinoxidase activity of tissues from rats injected 
intraperitoneally with 1 mg antimycin A/kg rat, as per cent 
of the activity of tissues from control rats. 

Bottom.—Antimycin A titer (ug. antimycin A required to 
produce 50 per cent inhibition of succinoxidase activity of 
1 gm. wet weight of tissue) of various rat tissues. 


liver, is inhibited in vivo. Of the remaining six 
tissues with lower in vitro enzyme levels, three are 
strongly affected in vivo, namely, spleen, lung, and 
Jensen sarcoma. Thus, liver is affected more than 
would be predicted, while thymus, Flexner-Jobling 
carcinoma, and Walker 256 carcinosarcoma are 
affected less than would be expected. 

In contrast to the situation in vitro, the rate of 
absorption of antimycin A into individual organs 
in vivo is probably dependent on the permeability 
of the walls of blood capillaries to antimycin A, on 
the surface area of the capillaries per unit volume 
of tissue, and on the rate and volume of blood flow 


through the capillaries. However, the observed 
discrepancies could be explained in terms of blood 
supply alone, if the liver received more than a 
proportional share of the circulating antimycin A 
and if the thymus and the two tumors? received 
less. 


Effects of higher doses of antumycin A.—Since the 
succinoxidase activity of several tissues was rela- 
tively unaffected by injections of the lethal dose of 
1.0 mg., while they were known to be susceptible 
to the inhibitor in vitro, attempts were made to 
titrate the succinoxidase of these tissues with 
higher doses of antimycin. For these experiments, 
suspensions of antimycin A in isotonic saline were 
used for doses above 3.0 mg/kg. The experimental 
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Cuart 2.—Direct proportionality between the amount of 
antimycin A required for 50 per cent inhibition and the amount 
of tissue used in the test. 


animals were 200—250-gm. male rats, while tumor- 
bearing animals were 120—150-gm. females. When 
the dose was increased to 3.0 mg/kg, kidney, 
liver, lung, spleen, and thymus were strongly in- 


2 The fact that the succinoxidase activity of Jensen sarcoma 
was strongly inhibited, while that of two other rat tumors was 
unaffected, is of considerable interest and suggested experi- 
ments to determine whether antimycin A is bound to an appre- 
ciable extent by an unaffected tumor. For this purpose, increas- 
ing amounts of antimycin A were added to flasks containing all 
additions for the succinoxidase system, with Flexner-Jobling 
tumor tissue that was excised from a rat injected with 1.0 mg/ 
kg as source of enzyme. In three experiments, a mean antimy- 
cin A titer of 0.38 ug/gm was obtained, compared to a titer of 
0.46 ug/gm for tumor tissue from control rats that had been 
transplanted at the same time and with the same inoculum as 
the injected animals. The difference in titers, 0.08 ug/gm, rep- 
resents the apparent content of antimycin A in Flexner-Jobling 
tumor from an injected rat. This quantity of antimycin A 
would be insufficient to produce a significant inhibition of suc- 
cinoxidase activity in this tissue. 
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hibited, while heart, brain, muscle, and Flexner- 
Jobling tumor were scarcely affected. Brain was 
the only tissue completely unaffected at doses up 
to 50 mg/kg, presumably because of the blood- 
brain barrier. 

Intravenous injections in the tail vein at a dose 
of 1.0 mg/kg produced similar results to those re- 
ported above for intraperitoneal injections at 
3.0 mg/kg. 

Since the in wtro assay of tissues from injected 
animals could be affected adversely by the pres- 
ence of antimycin in blood and extracellular fluid 
at the higher doses, as shown in the next section, 
further studies at the higher levels were not car- 
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Cuart 3, a (left).—Inhibition of succinoxidase activity of 
rat heart homogenate by antimycin A. 


Cuart 3, 6b (right).—Inhibition of succinoxidase activity of 
rat heart homogenate by serum ‘rom rats injected with 1 mg 
antimycin A/kg rat. 


ried out. Their chief value was in showing that 
some tissues remained unaffected even at the 
higher levels, since in these cases the question of 
spurious inhibition could not arise. 

Antimycin A in serum from injected animals.— 
Succinoxidase determinations on tissues from in- 
jected animals could conceivably be affected by 
the antimycin A content of any blood that had 
been retained in excised tissues. Hence, it was 
necessary to measure the antimycin A content of 
the blood, in order to determine whether it con- 
tained sufficient antimycin A to affect the enzyme 
assays. 

Serum was obtained from rats that were in- 
jected with 1.0 mg antimycin A/kg, and the ani- 
mals were decapitated when death was imminent 
at approximately 1 hour after the injection. The 
antimycin A content of the serum was assayed by 
testing the inhibitory effect of various amounts, 
when added to a normal succinoxidase system 
(Chart 3, b). The resulting inhibition curve was 
compared to a standard curve (Chart 3, a) ob- 
tained by using known amounts of antimycin A 
in a test made simultaneously with the same en- 
zyme preparation. 


If the amount of antimycin A at corresponding 
levels of inhibition is assumed to be the same in 
Chart 3, a and 3, 5, a series of values for the ap- 
parent antimycin A content of the serum may be 
obtained. When these values are plotted against 
the serum level to which they correspond, a 
smooth curve is obtained, which may be extrapo- 
lated to zero serum concentration, to give the ap- 
parent antimycin A content in the absence of 
serum interference with the test. A value of 
0.27 wg antimycin A/ml serum was obtained by 
this procedure from the data in Charts 3, a and 
3, 6. A second experiment gave a value of 0.38 yug/ 
ml. Three further experiments with 120—150-gm. 
female Flexner-Jobling tumor-bearing rats, which 
had been injected with 1.0 mg/kg, gave values 
of 0.39 ug/ml, 0.38 ug/ml, and 0.34 ug/ml. The 
mean value for the antimycin A content of serum 
from normal and tumor-bearing rats injected with 
the 1.0 mg/kg dose was 0.35 ywg/ml. Similar ex- 
periments performed with the red blood corpuscles 
indicated that the bulk of the antimycin A re- 
tained by whole blood taken from injected animals 
was contained in the serum. 

To test the validity of the described method for 
determining the antimycin A content of serum, a 
known amount of antimycin A was added to serum 
from normal rats to give a concentration of 0.54 
ug antimycin A/ml. This serum was tested in the 
manner shown in Chart 3 and gave a value of 
0.59 wg antimycin A/ml, which was thus within 9 
per cent of the true value. 

It is of interest to note the difference in shape 
of curves 3, a and 3, b: curve 3, a shows that pure 
antimycin A will depress enzyme activity to 5 
per cent of control, while in curve 3, b increasing 
amounts of the serum from injected animals only 
depress the activity to 26 per cent of control. 
Further investigation of this difference led to the 
finding that antimycin A is reversibly bound by 
serum proteins, the main active constituent being 
serum albumin.* This binding leads to the type 
of curve shown in Chart 3, 6, in which the degree 
of inhibition is the resultant of the reversible bind- 
ing of the inhibitor by two different proteins, 
namely, the enzyme and the serum albumin. This 
effect is discussed more fully in later sections. 

To estimate the effect of a content of antimy- 
cin A of 0.35 ug/ml serum on the succinoxidase 
activity of the tissue from an injected animal, we 
may examine the Jensen sarcoma, which is the 
tissue with the lowest antimycin A titer and there- 
fore most likely to be affected by antimycin A 
content of any serum that the excised tissue has 


3A. E. Reif and V. R. Potter, unpublished data. 
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retained. Assuming a serum content of 30 per cent 
of the wet weight of tissue (which would be un- 
questionably higher than is actually found) and 
unit density for serum, we arrive at a content of 
antimycin A of 0.10 yug/gm wet tissue due to 
serum content. Owing to the “‘S’”’-shaped form of 
the inhibition curve (6), 0.10 ug/gm produces 
less than 10 per cent inhibition of succinoxidase 
activity, while 0.28 ug/gm would be required to 
produce 85 per cent inhibition an wtro. It is thus 
apparent that the 85 per cent inhibition obtained 
in vivo is not due to the antimycin A content of 
serum retained in the tissue, but is probably due 
to antimycin A directly bound to the protein. This 
conclusion is likely to be even more valid for lung, 
spleen, and thymus, since these tissues require 
substantially larger quantities of antimycin A to 
produce 50 per cent inhibition. 


II. REaAcTIVATION OF ENzYME in Vivo AND in Vitro 


Reactivation in vivo after sublethal doses of anti- 
mycin A.—The previous studies with antimycin A 
in vitro (6) have shown that antimycin A behaves 
as a pseudo-irreversible inhibitor: although it ti- 
trates succinoxidase, the binding is, in fact, re- 
versible in a system in which the inhibitor can be 
continually removed from the medium. The ani- 
mal that survives after a sublethal dose of anti- 
mycin A is implicitly such a system, and it was 
of interest to determine the time course of the suc- 
cinoxidase inhibition in affected organs from such 
animals, as well as in animals succumbing to high- 
er doses. 

Of the tissues tested at the lethal dose of 1.0 
mg/kg, only liver, lung, spleen, and Jensen sarco- 
ma had succinoxidase levels that showed a sub- 
stantial reduction below control values. These tis- 
sues were accordingly tested at the sublethal level 
of 0.6 mg/kg, to determine whether these tissues 
were still affected at this dose. Chart 4 summarizes 
the results obtained when rats were sacrificed at 
stated time intervals after injection with antimy- 
cin A, and the succinoxidase values of liver, lung, 
and spleen were assayed immediately following 
sacrifice. Values obtained from injected animals 
are compared with control values, to which an 
activity of 100 per cent is assigned. 

In the top and middle charts, all three tissues 
that were assayed were excised from the same ani- 
mals, and corresponding tissues from two animals 
were pooled for assay. Each point in the top chart 
represents the mean value of assays on six rats, 
while in the middle chart each point represents the 
mean value from four rats. In the bottom chart 
each point represents separate assays on a mini- 
mum of four rats, and 112 rats were used in all for 


its construction. The degree of variability of con- 
trol values is exemplified by the data for spleen 
of the bottom chart, where the results of fourteen 
separate assays gave a mean Q,, value of 18.5 ul 
O./10 min/20 mg dry tissue, with a standard de- 
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Cuart 4.—Effect of the intraperitoneal injection of anti- 
mycin A on the succinoxidase activity of spleen, lung, and liver 
of the rat, as compared to control values. 

Top chart.—Effect of the minimum lethal dose of 1.0 mg/kg. 

Middle chart.—Effect of the maximum tolerated dose of 0.6 


mg/kg. 
Bottom chart.—Effect of different doses on the succinoxidase 
activity of spleen. 


viation of 1.4, or 8 per cent. The highest deviation 
of results with tissues from injected animals was 
obtained at that point of the curves where there 
was a rapid change in activity with time, such as 
at the 1-hour point for the 0.6 mg/kg dose in the 
bottom chart, where results with seven rats 
showed a standard deviation of 18 per cent. 
There is no repetition of data in any graphs: the 
curves for spleen at 1.0 mg/kg that are shown 
both in the top and middle charts were obtained 
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separately with different animals; this also applies 
to the curve at 0.6 mg/kg, given in both middle 
and bottom charts. The degree to which these two 
sets of curves agree is a measure of the reproduci- 
bility of the results. 

The top chart shows that lethal doses of anti- 
mycin A cause rapid depression of succinoxidase 
activity in the tissues studied. The activity re- 
mains at the initially low levels until the rat dies, 
normally between 60 and 90 minutes after injec- 
tion of this dose. The middle chart shows that at a 
high sublethal dose of antimycin A, the succinoxi- 
dase activity of the tissues drops to levels only 
slightly higher than those reached at a lethal dose. 
However, enzyme activity begins to recover ap- 
proximately } hour after injection, and recovery 
is practically complete after 3 hours. This recovery 
is not due to the synthesis of new enzyme but is 
due to the release of inhibitor from the enzyme, 
since the release can be accomplished in vitro, as 
shown in a later section. 

The bottom chart shows the effect of varying 
the doses of antimycin A on the succinoxidase ac- 
tivity of a single tissue, spleen, that was chosen 
because it is the most strongly affected of the 
tested tissues. It is seen that slightly lower sub- 
lethal doses produce much smaller effects; thus, a 
dose of 0.3 mg/kg caused an inhibition of succin- 
oxidase activity that was only just significant, 
while twice this dose, 0.6 mg/kg, was already the 
maximum tolerated dose. 

The recovery of enzyme activity shown in 
these charts paralleled the abatement of visible 
physiological symptoms after the administration 
of sublethal doses of antimycin A. Similarly, con- 
tinued depression of enzyme activity corresponded 
to the increase of visible physiological symptoms 
and resulted in death. The data, therefore, sug- 
gest that continued function of oxidative enzymes 


4 Experiments were done to investigate whether the time 
interval between excision and assay had any effect on the en- 
zyme activity of different tissues at the critical points of Chart 
4 where enzyme activity was changing rapidly with time. For 
this purpose, a rat was injected with a dose of 0.6 mg/kg, and 
sacrificed at 1 hour, when the liver, spleen, and lung were ex- 
cised into isotonic saline at 0° C. and a portion of each tissue 
homogenized and assayed for succinoxidase activity. The re- 
maining portions of the tissues, as well as the corresponding 
homogenates, were permitted to stand at room temperature for 
2 hours before being similarly assayed. Some reactivation of en- 
zyme activity in whole liver was observed, while liver homoge- 
nates precisely maintained their enzyme activity over the stor- 
age period. With spleen and lung, a depression of enzyme ac- 
tivity occurred both in the intact and in the homogenized tis- 
sue. Further study showed that under these conditions one- 
half the reactivation observed with whole liver occurred within 
the first $ hour. In the course of actual experiments, these ef- 
fects were held to a minimum by homogenizing and assaying 
tissues as soon as possble after excision. 


in vital tissues other than heart and brain is es- 
sential for the survival of the animal. 

Effect of sublethal doses on Jensen sarcoma.—Of 
the three tumor tissues tested at a level of 1.0 
mg/kg, only Jensen sarcoma had succinoxidase 
values that were strongly depressed. In this tissue 
the reduction amounted to 85 per cent (Table 2), 
Since any therapeutic trials would have to be 
made with sublethal doses of antimycin, it was 
essential to measure the succinoxidase levels in 
surviving animals. The results obtained at a sub- 
lethal dose of 0.6 mg/kg are recorded in Table 3. 


TABLE 3 


SUCCINOXIDASE VALUES OF JENSEN SARCOMA EXCISED 
AT VARYING TIMES AFTER INJECTION OF 0.6 
MG ANTIMYCIN A/KG RAT* 


Control Injected 
Time after injec- — 20 60 150 
tion (min.) 
No. of rats 8 6 6 6 
Mean 10/20 ratio 5.4 4.2 3.1 3.8 
Standard deviation 1.9 2.1 1.8 1.8 
Probability P — >0. <0.05 >0.1 
Significance — Not sig- _— Signifi- Not sig- 
| nificant cant nificant 


* All values of enzyme activity are expressed as the 10/20 ratio (yl. Oz 
uptake in 10 min. by 20 mg. wet tissue). Control rats were injected with an 
equal quantity (up to 0.2 ml.) of the solvent (propylene glycol) used for the 
injection of antimycin A into treated rats. Mean values are averaged from 
duplicate succinoxidase determinations performed on each tissue. 


The results show a high degree of variability: 
The succinoxidase values in control and injected 
animals had standard deviations of 28 and 52 per 
cent, respectively. These high deviations made it 
essential to use statistical means to test the sig- 
nificance of the results. When the standard f¢ test 
(4) was used for this purpose, it was found that 
the results were not significant for two of the time 
periods studied, 20 and 150 minutes; but for the 
60 minute period the results were significant. 
However, if these data are averaged for all three 
time periods and compared to the control, they 
become highly significant. These data establish 
that a single sublethal dose of antimycin A inhibits 
the succinoxidase activity of Jensen sarcoma to 
some degree. Repeated sublethal doses would, 
therefore, probably have a more pronounced effect.* 


5’ The Jensen sarcoma was used as subcutaneous implants 
that were taken 6 days after implantation when used for en- 
zyme studies. Even at this early stage, the tumors were usually 
either necrotic or hemorrhagic, and it was sometimes difficult 
to obtain sufficient healthy tissue. These factors may have con- 
tributed to the high variability of the results. 


6In particular, it was of interest [to investigate whether 
repeated doses [would affect the growth of Jensen ‘sarcoma, 
in order to establish whether there was any correlation be- 
tween partial inhibition of succinoxidase activity and sur- 
vival of the tumor. To this end, antimycin A was injected 
at the dose of 0.3 mg/kg twice a day for a total of seven injec- 
tions, without obtaining a significant difference between con- 
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Reactivation in vitro by normal rat serum.—As 
the data in Chart 3, b suggest and further experi- 
ments have proved,’ normal serum is capable of 
reversing the inhibition of succinoxidase after the 
addition of antimycin A in vitro. This fact sug- 
gested a means for determining whether the 
restoration of enzyme activity in vivo (Chart 4) in 
surviving rats was due to a removal of the inhibitor 
from a reversibly titrated enzyme or to the regen- 
eration of new enzyme following destruction of 
the enzyme originally present. 

Chart 5 presents data from an experiment in 
which tissues were removed from two rats 1 hour 
after the injection of 1 mg antimycin A/kg. The 
succinoxidase assay was carried out with 0.3 ml. 
of normal rat serum in the side-arms of the War- 
burg flasks. After a preliminary measurement of 
the enzyme activity in the absence of serum (which 
confirmed the data in Chart 4), the serum was 
added from the side-arm, and the rate and extent 
of restoration of enzyme activity were noted, as 
shown in Chart 5. The control values were ob- 
tained from the tissues of a normal rat tested 
simultaneously to show the approximate level of 
activity that the treated tissues might be expected 
to attain. 

These data show the feasibility of reactivating 
tissues from injected animals for use as their own 
controls in experiments of the type reported in 
Chart 4. In addition, these results indicate that 
the zn vivo inhibition of enzyme activity by anti- 
mycin A, shown in Chart 4, is reversible in vitro 
and presumably also in vivo by a mechanism in- 
volving the binding of antimycin A by the serum 
proteins. Bound antimycin A may be carried to 
the liver and there inactivated, since in vitro ex- 
periments have shown that liver was the only one 
of nine tissues tested that was capable of inac- 
tivating antimycin A (6). 

Reactivation in vitro by normal cell fractions.— 
Since it was clearly established that homogenates 
from animals injected with antimycin A contained 


trol and injected rats (six animals). At a dose of 0.4 mg/kg, re- 
peated doses were found lethal to a percentage of the animals 
unless restricted to a single dose administered on no more than 
5 successive days. At this dosage, an apparent decrease in tu- 
mor size of treated animals was obtained. In three experiments 
with a total of 23 animals, the mean tumor weights of treated 
rats were 31 per cent, 40 per cent, and 91 per cent of that of the 
controls. However, when these results were tested by the ¢ test 
(4), all three results were found to be statistically insignificant. 
In two experiments (ten animals) at a level of 0.5 mg/kg, five 
doses over a period of 3 days resulted in death of treated ani- 
mals; however, the tumor weights in treated animals, taken 
within 14 hours of death, were 53 per cent and 19 per cent of 
that of controls. It is concluded that the data presented fail to 
show a statistically significant effect of antimycin A on growth 
of Jensen sarcoma. 


succinoxidase combined with antimycin A in a 
form that could be removed by adding another 
protein with a high affinity for the inhibitor, it 
was of interest to test whether the succinoxidase 
could be dissociated from the inhibitor simply by 
centrifuging the particulate enzyme and re- 
suspending it several times. Homogenates in iso- 
tonic KCl were centrifuged at 5,000 g for 10 min- 
utes. The residue was resuspended in KC] and the 
procedure repeated. The final “washed residue” 
containing nuclei, mitochondria, and some micro- 
somes was then tested for succinoxidase activity. 
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Cuart 5.—The reactivation of succinoxidase activity of af- 

fected tissues from two rats 1 hour after injection of 1.0 mg 

antimycin A/kg, obtained by tipping 0.3 ml. normal rat serum 

into the assay flasks 10 minutes after the start of oxygen up- 


take readings. Data obtained with tissues from a normal rat 
are included for comparison. 


In two experiments, the final “washed residue”’ 
had succinoxidase activities of 18 and 31 per cent, 
respectively, of the original activity in the liver 
homogenate from the injected animals. When this 
procedure was repeated with liver from a normal 
animal, the “‘washed residue” had 85 per cent of 
the activity of the whole homogenate. Thus, wash- 
ing liver particulates from injected animals not 
only failed to remove the inhibitor, but the degree 
of inhibition was actually increased. This indi- 
cated that the portion of the homogenate removed 
during this procedure, namely, the supernatant 
from the mitochondria, tended to counteract or 
bind antimycin A. Similar results were obtained 
with homogenates of spleen from injected animals. 

To test this idea, rat liver from normal and in- 
jected rats was fractionated in 0.25 m sucrose by a 
procedure based on the method of Schneider and 
Hogeboom (8). It was found that mitochondria 
from injected animals had 16 per cent of the suc- 
cinoxidase activity of normal rat mitochondria. 
However, this activity could be raised to 62 per 
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cent on addition of a small quantity of normal 
microsomes, that alone had negligible succinoxi- 
dase activity and that raised the succinoxidase 
activity of normal mitochondria by only 9 per 
cent. The addition of the same quantity of micro- 
somes from an injected animal raised the activity 
to only 25 per cent of the activity of normal mito- 
chondria. These data show that the succinoxidase 
activity of mitochondria from the liver of an in- 
jected animal can be reactivated in vitro by con- 
stituents of normal liver. 


DISCUSSION 


The term pseudo-trreversible was introduced by 
Ackermann and Potter (1) to describe the action 
of enzyme inhibitors with two characteristic fea- 
tures. In the first place, they must combine with 
the enzyme inhibited with an affinity that is so 
great as to give the appearance or practical ef- 
fect of irreversibility; that is, there must be a 
titrating effect in which the amount of enzyme 
inactivated will depend not only upon the amount 
of inhibitor but upon the amount of enzyme 
present. Secondly, a pseudo-irreversible inhibitor 
must in fact not combine irreversibly with the 
enzyme or otherwise destroy it, but must have 
a true dissociation constant (albeit extremely 
small), so that the dissociation of the enzyme- 
inhibitor complex results in an enzyme with 
unimpaired activity. The demonstration of the 
latter condition has been realized experimental- 
ly by introducing to a _ pseudo-irreversibly in- 
hibited enzyme system an additional component 
that has a high affinity for the inhibitor. As 
the added component associates with the traces 
of free inhibitor in the medium, the enzyme- 
inhibitor complex dissociates, and the activity of 
the enzyme is restored. 

The action of irreversible or pseudo-irreversible 
enzyme inhibitors is of particular interest in con- 
nection with problems encountered in cancer 
chemotherapy. The present report has dealt with 
observations on antimycin A administered in vivo. 
While this substance may have no practical pos- 
sibilities as a chemotherapeutic agent against 
cancer, the experiments serve to illustrate prin- 
ciples of fundamental significance. 

Antimycin A behaves as a pseudo-irreversible 
inhibitor with a high degree of specificity. The 
amount required to produce 50 per cent inhibi- 
tion is directly proportional to the amount of tis- 
sue in the system (Chart 2), while it evidently 
combines with relatively few components in the 
tissues, since the effective amount is not only very 
small but varies widely from one type of tissue to 
another (6) and is closely related to the amount 


of the cytochrome system in the tissue (6). The 
second requirement for demonstrating pseudo- 
irreversibility is also met, since, by the simple 
addition of a few tenths of a ml. of rat serum 
(Chart 5) or a few milligrams of crystalline serum 
albumin,’ the activity of a completely inactive 
enzyme system can be restored. Similar restora- 
tion of activity has been observed in liver homoge- 
nates without addition of extra components that 
bind the inhibitor, presumably owing to the me- 
tabolism of the inhibitor (6). 

The in witro data are of considerable help in ex- 
plaining the zn vivo experiments. In the first place, 
the fact that the inhibitor is pseudo-irreversible 
in action makes it possible to inject the inhibitor 
into the whole animal and to determine the effec- 
tive amount of enzyme remaining in various tis- 
sues after they have been excised and transferred 
to in vitro test systems at high dilution. The fact 
that the enzyme is inhibited in some tissues and 
not in others is largely a matter of the relative 
amounts of enzyme in the tissues (Chart 1), but 
the variations in blood flow per unit of tissue, and 
the permeability barriers modify the result. The 
fact that the enzyme activity is low in the affected 
tissues and returns with time in the animals that 
survive (Chart 4) might have been explained as 
destruction and resynthesis of the enzyme; but 
the reversal with serum 2n vitro (Chart 5) and the 
other available information (6)* show that the en- 
zyme is not destroyed but is in tight combination 
with the inhibitor. The reversal in the surviving 
animals is explained in terms of the metabolism 
of the inhibitor, probably in the liver (6), with a 
continuous transfer of the inhibitor from the tis- 
sues to the liver via the serum albumin? until the 
tissues have been released from the inhibition. 

The correlation between survival and release 
from inhibition, and the high degree of inhibition 
of the succinoxidase system in spleen and lung in 
nonsurviving animals in which the enzyme ac- 
tivity in heart and brain is scarcely affected, sug- 
gest that these animals do not die because of pri- 
mary damage in heart or brain, although damage 
to unknown enzymes is not precluded. 

The present data have demonstrated that the 
inactivation of an enzyme in several organs with- 
out the inactivation of the same enzyme in other 
organs is a practical possibility. In the chemo- 
therapy of cancer, it would be necessary to use an 
inhibitor that at sublethal doses would strongly 
depress the activity of a vital enzyme in the tumor 
without irreparable damage to normal tissue. If 
this enzyme is unique to tumor tissue, the problem 
would be relatively simple; if the enzyme is com- 
mon to both normal and tumor tissues, the present 
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data show that the enzyme would have to be 
present in lower amounts in the tumor tissue, or, 
alternatively, other factors would have to provide 
a more effective delivery to the enzyme in the 
tumor. Intrinsic factors, such as blood supply of 
the tumor, permeability to the inhibitor, and bind- 
ing of the inhibitor by the tumor, would greatly 
influence the results. Extrinsic factors, such as at- 
tempts to slow down the removal of inhibitor from 
the tumor once it has been delivered (e.g., by 
lowering blood pressure [3]) or to carry out a se- 
quential block (5) in a system in which the tumor 
lacks alternative pathways, might be used to in- 
tensify the effect on the tumor. The rational ap- 
plication of these principles may require a more 
extensive knowledge of the intermediary metabo- 
lism of tumors than is available at present. 


SUMMARY 


1. Experiments were done to test the theory 
that the injection of a titrating inhibitor into the 
intact animal should strongly affect enzyme ac- 
tivity in tissues low in the enzyme, while tissues 
high in enzyme content should be relatively un- 
affected. The results obtained show a tendency in 
accord with this theory. The large discrepancies 
observed with several tissues are possibly related 
to differences in blood supply and differences in 
permeability to the inhibitor. 

2. Reactivation of succinoxidase activity in 
liver, spleen, and lung was observed in vivo follow- 
ing injection of sublethal doses of antimycin A. 
The enzyme activity of these tissues was strongly 
depressed for the first 30 minutes after injection, 
but the enzyme was fully reactivated within 3 
hours in surviving animals. 

3. Reactivation of succinoxidase activity in 
tissues from injected animals was obtained in vitro 
by adding normal rat serum or normal cell fraec- 


tions, indicating that reactivation in vivo was ac- 
complished by transfer of the inhibitor from the 
enzyme-inhibitor complex to serum albumin, 
followed by dissociation from serum albumin 
concomitantly with inactivation or excretion of 
the inhibitor. 

4. The results were discussed in terms of the 
concept of pseudo-irreversible enzyme inhibitors, 
which are defined as inhibitors that have the effect 
of titrating the enzyme with which they react and 
that nevertheless form a dissociable complex with 
the enzyme. 


REFERENCES 


1. ACKERMANN, W. W., and Pottsr, V. R. Enzyme Inhibition 
in Relation to Chemotherapy. Proc. Soc. Exper. Biol. & 
Med., 72:1-9, 1949. 

2. AnMAD, K.; SCHNEIDER, H. G.; and Strona, F. M. Studies 
on the Biological Action of Antimycin A. Arch. Biochem., 
28: 281-94, 1950. 

8. Avterre, G. H.; Leeauuais, F. Y.; and York, H. D. Vascu- 
lar Reactions of Normal and Malignant Tissues in Vivo. II. 
The Vascular Reaction of Normal and Neoplastic Tissues of 
Mice to a Bacterial Polysaccharide from Serratia Marcescens 
(Bacillus Prodigiosus) Culture Filtrates. J. Nat. Cancer 
Inst., 8:53-62, 1947. 

4. Fisuer, R. A. Statistical Methods for Research Workers, 
p. 122. 10th ed. London: Oliver & Boyd, 1946. 

5. Potter, V. R. Sequential Blocking of Metabolic Pathways 
in Vivo. Proc. Soc. Exper. Biol. & Med., 76:41—46, 1951. 

6. Porter, V. R., and Retr, A. E. Inhibition of an Electron 
Transport Component by Antimycin A. J. Biol. Chem., 
194: 287-97, 1952. 

7. Retr, A. E., and Porter, V. R. In Vivo Inhibition of Suc- 
cinoxidase Activity in Tissues of Normal and Tumor-bear- 
ing Rats by Antimycin A. Cancer Research, 12: 290, 1951. 

8. ScHNEIDER, W. C., and Hocesoom, G. H. Intracellular Dis- 
tribution of Enzymes. V. Further Studies on Distribution of 
Cytochrome C in Rat Liver Homogenates. J. Biol. Chem., 
183: 123-28, 1950. 

9. ScHNEIDER, W. C., and Porter, V. R. The Assay of Animal 
Tissues for Respiratory Enzymes. II. Succinic Dehydrogen- 
ase and Cytochrome Oxidase. J. Biol. Chem., 149: 217-27, 
1943. 


a 
| 
ie 
= 
P 
2: 
pal 


4 
4 2 
¢ 
sib 
2 
5 
= 
ie 
= : 
= 
| ul 
| 
| 
] 
| 
q 
| 
| 
4 
| 
q 
> 
2 
A 
F : 
3 
Z 
> 
« 


The Induction of the Shope Papilloma in Transplants of 
Embryonic Rabbit Skin” 


Harry S. N. GREENE 


(Department of Pathology, Yale University School of Medical, New Haven, Conn.) 


One of the problems incident to the successful 
transplantation of embryonic tissue concerns the 
status of the transplant in relation to the constitu- 
tion of the host. Variations in susceptibility to in- 
fectious agents offer a convenient measure of con- 
stitutional difference and have been employed for 
this purpose in the study of homologous trans- 
plants in immunologically altered hosts as well as 
of heterologous transplants between susceptible 
and resistant species. A variety of agents of both 
viral and bacterial nature has been used, and the 
results to be reported are representative of the 
wide, general susceptibility found to characterize 
embryonic transplants. 

The present paper is concerned primarily with 
the susceptibility of embryonic rabbit skin to the 
Shope papilloma virus in adult animals of homol- 
ogous and heterologous species, but in as much as 
the results of control experiments involving the 
transplantation of domestic papilloma tissue in 
such hosts are at variance with the findings of 
other laboratories, as well as with comparable 
studies of other benign tumors, this phase of the 
investigation will be given some emphasis. 


MATERIALS AND METHODS 

The stock material used for inoculation con- 
sisted of glycerinated papillomatous tissue derived 
from cottontail rabbits. Fragments of this tissue 
were washed in saline, ground in a homogenizer, 
and diluted with saline to a 5-10 per cent cellular 
suspension. The suspension was allowed to stand 
until the larger fragments had settled and the 
supernatant fluid appeared clear and colorless. In 
some experiments the supernatant fluid was used 
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directly, while in others a cell-free filtrate was ob- 
tained by passage through a Type N Berkfeld 
filter. 

The rabbits were of Dutch, Himalayan, or 
New Zealand breed, the mice of the DBA strain, 
and the guinea pigs of mongrel stock obtained 
from commercial breeders. 

Rabbit embryos were obtained from pregnant 
does killed between the seventeenth and 21st days 
of gestation. In some cases the skin was removed 
in fragments measuring approximately 1 mm. in 
diameter and placed in the virus solution. In oth- 
ers, an area of skin in situ was scarified with a 
sharp knife and dissected in block. The skin was 
laid flat in a petri dish with its epithelial surface 
uppermost and covered with the virus fluid. After 
soaking in the fluid for from 30 minutes to an 
hour, small fragments were cut for transfer. The 
fragments were then transplanted to the brain or 
anterior chamber of the eye of adult animals using 
technics described in previous reports (4, 5). 


RESULTS 

Induction of papillomas in embryonic rabbit skin 
with cellular suspensions of cottontail papillomas.— 
Six different groups of rabbit embryos ranging 
from 17 to 21 days of intra-uterine age were used 
in these experiments. The skin was dissected, and, 
after immersion in the papilloma preparation, 
fragments were transferred to 39 adult rabbits. 
The brain was used as a transplantation site in 33 
cases and the anterior chamber of the eye in six. 

The general behavior and growth rate of the 
anterior chamber transplants did not distinguish 
them from normal embryonic skin throughout the 
first 2 weeks of their course. At that time, how- 
ever, white opaque areas appeared and rapidly in- 
creased in size to occupy the greater part of the 
transplant by the 20th day. Histological examina- 
tion in all cases disclosed a cystic mass lined by 
hyperkeratotic, papillary epithelium and _ filled 
with keratin (Fig. 4). 

The majority of rabbits bearing brain trans- 
plants showed no neurological signs, but occasion- 
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ally animals were found dead or comatose by the 
fifteenth day. One rabbit was held under observa- 
tion for a period of 3 months, but all others were 
killed between the seventeenth and 40th days. 

In all instances, the brains contained rounded 
masses of tissue measuring from 0.5 to 2 cm. in 
diameter and sometimes occupying the greater 
part of a cerebral hemisphere (Figs. 1, 2A, and 
2B). Occasionally, long tufts of hair extended from 
the transplants through the ventricle to appear on 
the external surface, but as a rule such transplants 
showed only isolated areas of papillomatous trans- 
formation. The usual tumor mass consisted of a 
central core of soft, flaky keratin surrounded by 
firm friable tissue and bore no resemblance to 
normal skin. 

Histologically, all the transplants showed com- 
plete or partial transformation into structures 
morphologically identical with the papillomas 
found in adult animals. In the majority of cases 
the entire transplant was involved, and normal 
epidermis was not found (Fig. 7). The amount of 
keratinization varied with the age of the trans- 
plant—early transplants consisting almost wholly 
of papillomatous masses of squamous epithelium, 
while old transplants were generally cystic with a 
large core of keratin and a lining of hyperkeratotic 
papillary epithelium. As noted above, occasional 
transplants contained normal epidermis and hair 
follicles interspersed with areas of papilloma 
formation (Fig. 6). 

Induction of papillomas in embryonic rabbit skin 
with cellular suspensions of domestic rabbit papil- 
lomas.—The experiments described in the previous 
section were duplicated utilizing suspensions of 
adult domestic papillomas as the infectious ma- 
terial. The results were less consistent than those 
obtained with the cottontail papilloma, but suf- 
ficient growths were elicited in transplants to 
demonstrate that the adult material used was in- 
fectious for embryonic skin. In contrast, the appli- 
cation of the same suspensions to the scarified skin 
of adult domestic rabbits failed to induce any 
changes. 

The findings were inconstant in relation to both 
occurrence and stage of development. As a rule, no 
more than a half of the group of rabbits used in an 
experiment bore transplants containing papillo- 
mas. Furthermore, advanced papillary transfor- 
mation was sometimes present as early as the 
fourteenth day (Fig. 16), whereas other trans- 
plants, subjected to treatment with the same 
emulsion, showed only early proliferative changes 
on the 35th day. The domestic papillomas utilized 
for infectious material varied from 20 days to 24 
months in age, but there was no indication that 


age was concerned in the variation. The storage of 
papillomatous tissue in glycerine did not appear to 
enhance its infectivity and in several experiments 
gave more variable results than when used in a 
fresh state. | 

It seems probable that a uniform infection of 
embryonic skin fragments was not obtained and 
that, in the negative case, the technic utilized was 
not adequate to insure contact between the epi- 
thelial cell and the infectious agent. Present ex- 
periments are concerned with variations in the 
methods employed with the hope that some modi- 
fication may lead to a greater constancy of results. 
It should be emphasized, however, that despite 
the variability encountered the experiments dem- 
onstrate that the infectiousness of the Shope papil- 
loma virus for embryonic skin is not lost after 
residence in an adult domestic rabbit. 

Serval induction of papillomas in embryonic rab- 
bit skin utilizing cellular suspensions.—In this se- 
ries of experiments normal embryonic skin was 
bathed in cellular suspensions of papillomatous 
tissue induced in brain transplants of embryonic 
skin and then transplanted to a second generation 
of rabbits. This series involved six papillomas in- 
duced in embryonic brain transplants, and the 
fresh embryonic skin treated with suspensions of 
the papillomatous tissue was transferred to the 
brains of eighteen rabbits. 

The eighteen rabbits were killed for histological 
examination of the transplants between the seven- 
teenth and 35th days after transfer. All the trans- 
plants obtained after the 31st day showed typical 
papillomatous transformation (Fig. 8). In some 
instances characteristic proliferation was found as 
early as the seventeenth day, but the majority of 
young transplants showed only suggestive changes 
or no alteration from normal. It was apparent that 
the period of time required for papilloma develop- 
ment was longer than needed when cottontail ma- 
terial was used as the infectious material. 

A third serial transfer, utilizing fresh embryonic 
skin and a suspension of the second generation of 
induced papillomas gave rise to papillomas after a 
comparable period of time. 

Serial transplantation of tissue from papillomas 
induced in embryonic rabbit skin.—The successful 
serial induction of papillomas in the embryonic 
skin of domestic strains of rabbits contrasts sharp- 
ly with the results obtained in the intact skin of 
adult domestic rabbits. Papillomas are readily in- 
duced in such animals with material obtained from 
cottontail rabbits, but attempts to induce papil- 
lomas in a second generation of domestic rabbits 
generally fail. Control experiments were under- 
taken, therefore, in an attempt to interpret the 
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significance of this variation. Despite the reported 
failure of attempts to transfer papillomatous tissue 
from one demestic rabbit to another by direct 
grafting technics, the possibility remained that 
living cells in the emulsion might adhere to the 
embryonic skin used for transfer and, either be- 
cause of differences in biological activity or be- 
cause of a more favorable transplantation site, 
might grow and thus simulate the induction of a 
new papilloma. Accordingly, experiments were 
carried out to determine the transplantability of 
papillomas induced in embryonic skin. Other con- 
trol experiments, including the use of filtrates 
rather than cellular suspensions, will be described 
in a later section. 

Papillomatous tissue was removed from trans- 
plants in the brain under sterile conditions, and 
fragments were transferred to the brains of second 
generation domestic rabbits. Five different papil- 
lomas were tested in this manner, and twenty 
adult rabbits were used as hosts. These animals 
were killed at intervals between the seventeenth 
and 35th days, and all but five bore growths. The 
transplants had increased from fragments 1 mm. 
in diameter to masses measuring from 1 to 2 cm., 
and on microscopic section they were found to be 
made up entirely of papillomatous epithelium and 
keratin (Fig. 9). 

Third generation transfers were carried out in 
several cases, and, although the percentage of 
takes decreased and the resulting growths were 
considerably smaller, microscopic examination 
showed typical papillomatous tissue. 

Serial transplantation of tissue from papillomas 
induced in adult rabbit skin.—In an attempt to de- 
termine whether the transplantability of papil- 
lomas induced in embryonic skin represented 
a unique property differentiating them from 
growths induced in adult skin, or whether the re- 
ported failure to transplant adult papillomas re- 
lated to an unfavorable transplantation site, a 
series of experiments was instituted with duplica- 
tion of the conditions of successful transfer. 

Specimens of tissue were removed by biopsy 
from papillomas in the skin of adult animals, and, 
after treatment for § hour in a solution of penicil- 
lin, fragments were transferred to the brains of 
other adult animals. Five adult papillomas ranging 


from 17 days to 3 months in age were tested in this 


manner, and all proved to be transplantable. The 
percentage of takes (50 per cent) was less than 
that noted in the case of papillomas induced in 
embryonic skin, but the transplants grew to a 
comparable size and showed the same histological 
structure (Fig. 10). 

A third generation transfer was carried out in 


one instance, and, although growth was obtained, 
the incidence of takes was further diminished, and 
the resulting tumors were smaller than those ob- 
tained in the second serial generation. 

Heterologous transplantation of papillomas.— 
The successful transfer of papillomatous tissue to 
unrelated rabbits suggested that the growths 
might survive transfer to alien species. Tissue from 
papillomas in adult skin as well as from growths 
induced in embryonic transplants was employed, 
and transfers were made to the brains of mice and 
guinea pigs. 

Takes occurred in the two foreign species, but 
the mouse proved a better host, exhibiting a higher 
percentage of takes as well as a more rapid growth 
rate (Fig. 3). Embryonic skin papillomas and sec- 
ond generation rabbit transplants of such tumors 
grew more readily on heterologous transfer than 
did adult skin papillomas, although no difference 
could be detected on histological examination of 
the resulting growths (Figs. 11 and 12). 

Growth was slow in the guinea pig, and trans- 
plants more than 0.5 cm. in diameter on the 30th 
day were rarely found (Fig. 13). On the contrary, 
growth in the mouse was sometimes so rapid as to 
cause death by the tenth day, with tumors occupy- 
ing approximately half of a cerebral hemisphere. 

Serial guinea pig transfer was not attempted, 
but growth has been obtained in a third mouse 
generation. However, as in homologous third gen- 
eration transfers, the percentage of takes was low, 
and the resulting tumors were comparatively 
small. 

Induction of papillomas in embryonic rabbit skin 
utilizing cell-free filtrates.—The observation that 
papillomatous tissue could be transplanted to new 
hosts supported the possibility that the papillomas 
found in embryonic skin transplants might result 
from growth of suspended cells adhering to the 
embryonic skin during treatment rather than from 
a conversion of the embryonic epithelium to papil- 
lomatous epithelium. In order to test this possibil- 
ity, cellular suspensions identical with those used 
in previous experiments were injected directly into 
the brains of adult rabbits. Suspensions of adult 
domestic papilloma, papilloma induced in em- 
bryonic skin, and glycerinated preparations of 
cottontail papilloma were used, but no evidence of 
growth was found a month later. It seemed con- 
ceivable, however, that the fragments of embryon- 
ic skin might form a more suitable nidus for the 
suspended papilloma cells than brain tissue and 
support their growth. Accordingly, pieces of em- 
bryonic lung were bathed in the various prepara- 
tions and transplanted to adult brains. The em- 
bryonic lung survived and grew, but no growths 
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were found that could be related to adherent 
papilloma cells. Conclusive evidence, however, 
appeared to depend on a duplication of the results 
with cell-free filtrates, and pertinent experiments 
were undertaken. 

It was found that filtrates of glycerinated cot- 
tontail tissue, fresh papillomas induced in the 
adult skin of domestic rabbits, and papillomas in- 
duced in embryonic skin were all effective and 
elicited papillomas if applied to embryonic rabbit 
skin prior to brain transfer (Figs. 14 and 15). The 
incidence of the lesion and that of complete trans- 
formation of the transplant were not so great with 
filtrate-treated skin as with skin treated with 
cellular emulsions; but in all of the cases studied 
(three glycerinated preparations, three adult pap- 
illomas, and six embryonic papillomas), one or 
more of the test transplants contained papillomas. 
Furthermore, a longer interval of time was re- 
quired. In most of the transplants examined be- 
fore the 30th day, the areas of papillomatous 
growth were small, isolated, and surrounded by 
normal-appearing skin and could readily be missed 
unless adequate sections were cut. 

The induction of papillomas in embryonic rabbit 
skin transplanted to alien species.—Persistence of 
the infectious agent in transplants in mice, to- 
gether with the known ability of embryonic rabbit 
skin to survive and grow in the brain tissue of this 
species, suggested that papillomas might be in- 
duced in embryonic rabbit skin transplanted to 
mouse brain. Accordingly, a series of experiments 
was undertaken involving the transfer of embry- 
onic rabbit skin treated with suspensions or fil- 
trates of papillomatous tissue to the brains, eyes, 
and subcutaneous tissues of mice. 

Subcutaneous transplants persisted with little 
growth throughout the experiment, but papillomas 
were not found on microscopic examinations. On 
the contrary, transplants to the anterior chamber 
of the eye and to the brain grew progressively and 
were rapidly converted to papillomatous tissue. 
The anterior chamber was often completely re- 
placed by the transplant on the fourteenth day, 
and sections at that time revealed large areas of 
papillomatous transformation. Mice bearing brain 
transplants were sometimes found dead or coma- 
tose during the third week, and sections of the 
brain showed large growths compressing and dis- 
torting normal structures. Histologically, the pap- 
illomas induced in mice were identical with those 
obtained in rabbits and, in like manner, survived 
and grew on serial transfer (Figs. 17 and 18). 

In general, filtrates proved less efficacious in in- 
ducing papillomas in mice than did cellular sus- 
pensions. Tissue derived from papillomas induced 


in embryonic skin in rabbit brain transplants gave 
a higher percentage of positive results than glyc- 
erinated cottontail material, and fresh adult pap- 
illomas were least effective. 

Attempts to induce papillomas in treated em- 
bryonic rabbit skin transplanted to guinea pig 
brains were successful in several cases (Fig. 19). 
The guinea pig, however, is a poor host for em- 
bryonic rabbit tissues as compared to the mouse, 
and similar results could not be expected. 

Induction of papillomas in the skin of adult do- 
mestic rabbits with material derived from papillomas 
of embryonic skin.—The papillomas induced in em- 
bryonic rabbit skin have been tested routinely to 
determine their ability to elicit growths in the 
scarified epidermis of adult domestic rabbits. The 
significance of the results of this test is question- 
able for, in a great majority of cases, the animals 
were released as having negative results at the end 
of a month. However, several were retained for 
breeding, and four of these subsequently devel- 
oped papillomas in the scarified areas. 

Three of the animals belonged to one experi- 
ment and represented the test of a papilloma in- 
duced in embryonic rabbit skin in the brain of an 
adult rabbit and then transferred as a fragment to 
the brain of a second adult rabbit. The original in- 
fectious material was a suspension of cottontail 
papilloma. The induced growth was removed 23 
days after transplantation of treated embryonic 
skin, and the rabbit bearing the transplant of this 
papilloma was killed 26 days after transfer. Thus, 
an interval of 49 days elapsed between contact 
with the preparation of cottontail papilloma and 
scarification of the test rabbits. The growths in the 
test animals were noted 72 days after scarification, 
and, because of frequent handling, it is probable 
that this is a close approximation of the actual 
date of their appearance. The papillomas were 
small, discrete, few in number, and at the present 
time, 1 month after discovery, have grown to large 
size but remain isolated. 

The fourth animal of the category under con- 
sideration was one of two retained in the colony 
after test of a papilloma derived from treated em- 
bryonic rabbit skin transplanted to the brain of a 
mouse. One of the animals remained negative to 
the test, but at 69 days small, isolated papillomas 
appeared at the site of scarification in the other. 
Histological sections of biopsy specimens taken at 
this time showed a lesion identical with those ob- 
tained after treatment with cottontail papilloma 
material. Unfortunately, the rabbit died of an in- 
tercurrent infection a week later, and the course of 
the growth could not be followed. 

It is regrettable that all the test animals were 


‘ 
‘ 
= 
hy 
§ 
ve 
é 
4 
4 
P 
tor 
+ 
: 
4 
t 
‘ 
4 
‘ 
4 
3 
{ 


62 Cancer Research 


not held for longer observation, but the incubation and far more susceptible than adult skin to the 
period was considerably longer than experience virus derived from domestic rabbits. It should be 
with cottontail preparations suggested, and its ex- noted, however, that the experimental methods 
tent was not foreseen. Although the positive re- used in studying the reactions of the two tissues 
sults are of limited significance from a numerical are not equivalent, and a possibility exists that the 
point of view, they become of consequence when increased susceptibility observed may relate to the 
considered in relation to the great difficulty en- conditions of transplantation rather than to the 
countered in transferring infection with the Shope embryonic nature of the tissue. A comparable 
papilloma between adult domestic rabbits, and, study of the susceptibility of transplants of adult 
despite statistical qualifications, the conclusion — skin is under way, and the results will be reported 
seems justifiable that the virus remains infectious in a later paper. 


and “unmasked” after residence in embryonic In any case the fact remains that the Shope 
rabbit skin. papilloma virus can be maintained in domestic 
rabbits by serial passage in embryonic skin. The 

DISCUSSION typical lesion is induced in the transplant, and the 


Some of the results obtained in the experiments _ technic offers a convenient test for the presence or 
recorded in this paper suggest conclusions con- absence of the virus. 
trary to those derived from other work and require Attempts to transplant papillomatous tissue 
further discussion. These relate to the susceptibil- were made primarily to test the possibility that 
ity of embryonic tissue to the Shope papilloma _ the papillomas found in growths of embryonic skin 
virus, the homologous and heterologous trans- might result from proliferation of the suspended 
plantation of the papilloma, and the induction of cells adhering to the tissue during treatment. Sub- 
the lesion in alien species. sequent studies showed that cell-free filtrates 

Papillomas were not observed by Rous and_ were also effective and necessitated the conclusion 
Beard (8) in homologous subcutaneous trans- that infected embryonic cells were themselves the 
plants of embryonic rabbit skin kept in contact source of the papilloma, but the observation that 
with the virus in vitro for 3-2 hours. In contrast, the papilloma cells derived from either embryonic 
Fischer and Syverton (2) obtained papillomas in transplants or adult skin were capable of survival 
all rabbit embryos injected with the virus between and growth on transfer to normal unrelated ani- 
the eighteenth and twentieth days of intra-uterine mals of the same or different species is of sig- 
life. The earlier investigations suggest that embry- __ nificance from another point of view. 
onic epithelium is less responsive to the virus than In a large series of transplantation experiments, 
adult skin, while the in vivo studies indicate at involving the homologous and heterologous trans- 
least a comparable degree of susceptibility. In the fer of rabbit and mouse tumors during different 
present experiments, embryonic skin proved to be developmental stages, survival and growth in un- 
as responsive to the cottontail virus as adult skin related normal animals were never noted until the 


Fic. 1.—Brain of domestic rabbit bearing transplant of em- 
bryonic rabbit skin treated with a cell-free filtrate of a papillo- 
ma derived from the intact skin of an adult domestic rabbit. 
The cortex overlying the growing transplant has been dissected 
away. There is a luxuriant growth of hair, and on section 
papillomatous transformation was limited to scattered areas 
as in Fig. 6. 

Fic. 2A.—Brain of domestic rabbit bearing transplant of 
embryonic rabbit skin treated with a cellular suspension of a 
papilloma derived from a cottontail rabbit. On section the 
transplant showed complete papillomatous transformation, 
and there was no growth of hair. 

Fig. 2B.—The tumor mass occupying the right hemisphere 
in Figure 2 has been dissected from surrounding brain tissue 
and is shown in cross-section. 

Fig. 3.—Brain of mouse bearing a third-generation heterol- 
ogous transplant of a papilloma induced in the intact skin of 
an adult domestic rabbit. The mouse was killed 30 days after 
transfer. A normal brain obtained from a mouse of the same 
age is shown for contrast. 
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Fic. 4.—Anterior chamber transplant of embryonic rabbit 
skin treated with a cellular suspension of a cottontail papillo- 
ma. The rabbit was killed 18 days after transfer. «150. 

Fic. 5.—Control transplant of normal untreated embryonic 
rabbit skin in the brain of an adult rabbit. The animal was 
killed 25 days after transfer. 35. 

Fic. 6.—Transplant of treated embryonic rabbit skin in 
the brain of an adult domestic rabbit. Prior to transfer the 
fragment of skin was bathed for $ hour in a cellular emulsion 
of cottontail papilloma tissue, and the rabbit was killed 17 
days after transfer. There is an abundance of typical papillom- 
atous tissue, but some normal structures remain. X45. 

Fic. 7.—Brain transplant of embryonic rabbit skin treated 
with a cellular suspension of a cottontail papilloma. The rabbit 
was killed 23 days after transfer. All of the epithelium is papil- 
lomatous. X45. 
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Fic. 8.—Papilloma induced in brain transplant of embryon- 
ic rabbit skin treated with a cellular suspension of the papillo- 
ma shown in Figure 7. Fragments of this papilloma (Fig. 7) 
were first transplanted to the brains of adult domestic rab- 
bits, and one of the growths obtained after 17 days (Fig. 9) 
was used as the infectious material in the present experiment. 
«45. 

Fic. 9.—Growth of the papilloma shown in Figure 7, 17 
days after transfer to the brain of an adult domestic rabbit. 
x45. 

Fic. 10.—Growth of a papilloma derived from the intact 
skin of an adult domestic rabbit, 18 days after transfer to the 
brain of another domestic rabbit. x45. 

Fig. 11.—Growth of a papilloma induced in a brain trans- 
plant of embryonic rabbit skin 22 days after transfer to the 
brain of a DBA mouse. X 270. 
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Fic. 12.—Growth of a papilloma induced in intact adult 
rabbit skin 23 days after transfer to the brain of a DBA mouse. 
270. 

Fic. 13.—Growth of a papilloma induced in a brain trans- 
plant of embryonic rabbit skin 30 days after transfer to the 
brain of a guinea pig. X 150. 

Fic. 14.—Brain transplant of embryonic rabbit skin treated 
with a cell-free filtrate of a cottontail papilloma. Note papillom- 
atous transformation along one segment of periphery with 
relatively normal appearing skin elsewhere. X 13. 

Fic. 15.—Higher-power view of papillomatous area in Fig- 
ure 14. 150. 
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Fic. 16.—Transplant of embryonic rabbit skin treated with 
a suspension of domestic papilloma. The rabbit bearing the 
transplant was killed 12 days after transfer. 120. 

Fic. 17.—Transplant of embryonic rabbit skin treated with 
a suspension of cottontail papilloma 18 days after transfer to the 
brain of a DBA mouse. Note complete papillomatous transfor- 
mation of the rabbit skin in a resistant species. X 20. 

Fic. 18.—Higher-power view of transplant shown in Fig- 
ure 17. X 150. 

Fie. 19.—Transplant of embryonic rabbit skin treated witha 
suspension of cottontail papilloma 28 days after transfer to the 
brain of a guinea pig. X 150. 
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primary tumor had attained the ability to metas- 
tasize (6). Similar results were obtained in studies 
concerned with the heterologous transplantation 
of human tumors (7), and it was concluded that 
metastasizability and the ability to grow in normal 
unrelated animals or in heterologous species were 
coincident attainments in tumor development. 

The ability of the Shope papilloma to grow on 
homologous and heterologous transfer during pre- 
metastasizable phases of development is shared by 
the Rous chicken sarcoma (1, 5, 9) but by no other 
tumor in our experience. It appears significant 
that the Rous sarcoma, like the Shope papilloma, 
can be readily transplanted to the brains of ani- 
mals of alien species at any period after the ap- 
pearance of tumor in the virus-infected area, and 
it is suggested that such behavior may be a unique 
attribute of virus-induced tumors differentiating 
them from growths of different etiology. An in- 
vestigation of other tumors in premetastasizable 
developmental phases suggested that during this 
phase the tumors were dependent for continued 
existence on factors peculiar to the tumor-bearing 
animal, and in as much as the factors were not 
supplied by normal animals, growth in normal ani- 
mals did not occur. On such a basis, it must be as- 
sumed either that the Shope and Rous tumors 
have no dependent phase of development, or that 
the factors on which continued existence depends 
are carried by the tumors themselves. The latter 
is, in fact, known to be the case, and, from this 
point of view, the behavior of the Shope papilloma 
and the Rous sarcoma is not contrary to that of 
other tumors but represents, rather, a special cir- 
cumstance in which the dependent factor is a virus 
residing in the tumor cells and carried with them 
to new hosts. 

The ability to induce the Shope papilloma in 
transplants of embryonic rabbit skin in species re- 
sistant to the infecting agent offers an approach to 
a number of problems associated with the behavior 
of this and other viruses but is also of interest from 
the standpoint of the status of the transplant in 
relation to the constitution of the host. Trans- 
planted tissues obtain a stroma and vascular sup- 
ply from the new host and are pervaded by its 
blood and tissue fluids. It might be expected, 
therefore, that the growing cells of the transplant 
would reflect the constitution of the new host and 
share its reactions. On the contrary, the reverse 
holds, and the reactions of the transplant are those 
. the donor species rather than of the recipient 

Ost. 


Goodpasture and Anderson (3) have demon- 
strated that human skin and fetal membranes 
grafted on the chorioallantois of chick embryos 
are susceptible to a number of viruses which do 
not infect chick tissues. It has also been shown in 
this laboratory that fragments of embryonic chick 
tissue infected with the Rous sarcoma virus and 
transplanted to the brains of mice develop the 
typical Rous sarcoma (1). Furthermore, embry- 
onic chick skin infected with the fowl pox virus 
and transplanted to mouse brain responds with 
inclusion body formation and an inflammatory 
reaction identical with that observed in the chick- 
en (1). The point to be stressed here is that the 
Rous sarcoma virus and the fowl pox virus, like 
the Shope papilloma virus, are not infectious in 
the mouse and produce no lesions in the mouse 
brain. It would appear from these observations 
either that susceptibility to infection is a function 
of local tissue factors rather than of the constitu- 
tion of the host, or that transplants retain the con- 
stitutional identity of the donor and thus repre- 
sent regions of independent reactivity capable of 
responses foreign to and beyond the capacities of 
analogous resident tissues despite a common host 
and immunological environment. 
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The Transplantation of Tissues between 


Zoological Classes* 


WILHELM S. ALBRINK AND Harry S. N. GREENE 


(Department of Pathology, Yale University School of Medicine, New Haven, Conn.) 


The ability of embryonic tissues and of metas- 
tasizable tumors of mammalian origin to grow 
on heterologous transplantation has been demon- 
strated (2, 3). The investigations concerned were 
limited largely to transfers between mammalian 
species, and, although several chicken tumors 
were found to survive transplantation to the eyes 
of guinea pigs, mice, and rabbits (11), no detailed 
exploration of the transplantation reactions be- 
tween animals of different zoological class was 
undertaken. Studies by other workers have shown 
that a variety of mammalian tumors can be suc- 
cessfully transferred to the chorioallantoic mem- 
brane (9), the yolk sac (12), and the vascular 
system (1) of developing chicks and that several 
mouse sarcomas can be grown in the somatic 
tissues of chick embryos (8). Such experiments, 
together with the reciprocal transfer of chicken 
tumors to mammals, suggested that zoological 
class distinctions might offer no more effective a 
barrier to the transplantation of autonomous tis- 
sues than is effected by species differences. Ac- 
cordingly, a series of pertinent transplantation 
studies was instituted, and the present paper re- 
ports the results of exploratory experiments. 

In general, the experiments concerned the 
transplantation of embryonic and cancer tissues 
between the rabbit, guinea pig, or mouse on the 
one hand and the chicken and chick embryo on 
the other. Their purpose was primarily to study 
transplantability, but in several instances an 
attempt was made to determine the constitutional 
status of the transplants with particular reference 
to susceptibility to various infectious agents. 
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MATERIALS AND METHODS 


The methods of anterior chamber and brain transplantation 
in mammals have been previously described (3, 5). Similar 
technics were used for hatched chickens. The transplantation 
site of the chick embryo was the mesencephalon of 4-day-old 
chicks (Hamburger and Hamilton [7], stages 19-24). At these 
stages, the mesencephalon is the largest and most readily ac- 
cessible portion of the nervous system, and its large cavity 
makes an excellent chamber in which to place tissue fragments. 
After carefully removing a window in the egg shell and shell 
membrane, the remaining procedures were carried out under a 
binocular dissecting microscope. The amnion was grasped 
gently with a pair of fine watchmaker’s forceps, and a slit was 
made in the membrane by means of a glass needle. The same 
needle was used to make a hole in the lateral wall of the mesen- 
cephalon. If, through rough manipulation, the amnion became 
extensively torn, the subsequent procedures of incising the 
mesencephalic wall and implanting the fragment were made 
considerably more difficult, since holding the amnion with the 
forceps provides stability. The tumor fragments usually meas- 
ured 0.5 mm. or less in diameter, were transferred to the in- 
cision by a small glass pipette, and were pushed through the 
wall with the operating needle. The edges of the amnion were 
approximated, a piece of cellophane tape was placed over the 
shell defect, and the egg was returned to the incubator. After 
operation the eggs were not turned. The hazards of this opera- 
tion are numerous, and the operative mortality was high. The 
membranes and blood vessels at this stage are very delicate and 
easily broken. The nervous system is especially well vascular- 
ized, and the incision of necessity results in more or less 
hemorrhage. 


RESULTS 
Tumor TRANSPLANTS 

Mammals to chicken.—The mammalian tumors 
used for transfer to chickens consisted of the 
Brown-Pearce rabbit carcinoma and the mouse 
neuroblastoma, C1300. | 

The results of transplantation of the Brown- 
Pearce tumor to hatched chickens varied with the 
age of the bird at the time of transfer. When 1-day- 
old chicks were used, transfer was successful, and 
tumor cells persisted until the 22d day. The growth 
was easily identifiable on cross section of the 
brain, and on microscopic examination masses of 
cells identical to those found in homologous trans- 
plants of the tumor (Fig. 5) could be observed. 
The transplants were almost invariably surround- 
ed and infiltrated by small mononuclear cells, 
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presumably lymphocytes. Such reactive cells were 
present on the 5th day and increased in number 
with age of the transplant. In a few instances the 
tumor was found in Virchow-Robin spaces (Fig. 6), 
and one tumor devoid of cellular reaction was 
found in an animal 32 days after transfer (Fig.7). 

Transfer of the tumor to the brains of adult 
chickens was apparently unsuccessful, and no 
cells identifiable as derived from the transplanted 
fragment could be found at the end of a week. 
The site of transplantation, on the contrary, was 
the seat of a dense accumulation of lymphocytes. 

A more detailed study of the age periods be- 
tween hatching and adulthood is in progress, but 
present data, consisting of random samples, are 
sufficient to indicate the significance of age as a 
primary factor in the lymphocytic response and 
the success of transplantation. 

Transfer of the Brown-Pearce tumor to chick 
embryos was carried out on the fourth day of incu- 
bation, and the embryos were examined and re- 
moved for histological study at various intervals 
after operation. None of the animals which had 
been operated on were allowed to hatch, for it was 
felt that the large tumer herniating through the 
cranium would interfere with the hatching process. 

Embryos studied on the fourth day after trans- 
fer bore small growing tumors made up of typical 
Brown-Pearce cells with many mitotic figures. 
-Vascularization was established, and the lympho- 
cytic reaction, characteristic of the hatched chick- 
en, was absent (Fig.1). Two weeks after transfer, 
ie., on the 18th day of incubation, the growth 
had reached a large size (occupying the equivalent 
of half of a cerebral hemisphere and frequently 
measuring as much as 8 mm. in diameter) and 
presented the characteristic appearance of the 
tumor when grown in the brain of the rabbit. 
Microscopically, there was excellent vasculariza- 
tion and less necrosis or reaction than is generally 
found in the tumor in its natural host. 

Growth in the embryonic mesencephalon ap- 
peared to be expansive rather than invasive in 
character, and the expanding mass was incof- 
porated into the developing brain structure. This 
is well illustrated in Figure 2, where the ependymal 
cells covering the tumor have not been modified 
and appear entirely similar to those lining the 
uninvolved ventricle. It should be emphasized 
that the lymphocytic response, observed after 
hatching, was never found in the embryonic 
brain. 

The results obtained on transfer of the mouse 
neuroblastoma, C1300, were similar. Good growth 
followed transplantation to the embryonic mesen- 
cephalon (Fig. 4), while a lymphocytic reaction 


characterized the response of hatched chicks. 

Chicken to mammals.—The material utilized in 
attempts to transfer chicken tumors to the brains 
of mammals was limited to the Rous sarcoma. 
This tumor, or the variant carried in the duck, 
was found to grow readily in mice, guinea pigs, 
and rabbits and to survive serial passage in these 
species. 

Transfer to the heterologous hosts could be 
effected as soon as the tumor in the chicken or 
duck became palpable, and the percentage of 
takes was not modified by continued residence 
of the tumor in the parent species. Furthermore, 
the manner of induction of the tumor in the 
primary host, either by cell-free filtrates or tumor 
fragments, did not influence the heterotrans- 
plantability of the resultant growth. 

Growth in the brain was rapid and often re- 
sulted in a tumor mass which occupied half of a 
cerebral hemisphere by the 10th or 15th day. 
Animals killed at later periods bore regressing 
growths, but intact tumor cells, demonstrated by 
transfer to be viable, were found as late as the 
30th day. Mice frequently died with neurological 
signs between the 7th and 11th days, but rabbits 
and guinea pigs rarely gave evidence of increased 
intracranial pressure. 

At autopsy the inoculated hemisphere was 
swollen, and on section the typically viscid, semi- 
translucent tumor was easily distinguished from 
surrounding brain substance. Histologically, the 
tumor was identical in structure and cellular 
composition with the tissue obtained from the 
parent species (Figs. 8 and 9). The surrounding 
brain was not compressed, and growth appeared to 
be invasive rather than expansive in character. 
Except in the presence of extensive necrosis, the 
adjacent brain was free of lymphocytic or other 
cellular reaction despite the heterologous nature 
of the transplanted tumor. 

Serial transfer was readily effected, and there 
was no diminution in the incidence of takes or 
growth rate after seven consecutive passages in 
the three different species. Transfer back to the 
chicken or duck was attempted at various times 
during serial passage, and growth was always 
obtained. 

Transfer of tumor tissue to the intermuscular 
and subcutaneous spaces of alien hosts was at- 
tempted with material derived from brain growths, 
but the results were not different from those 
following the transplantation of tissue obtained 
directly from the chicken. In such cases, an 
immediate inflammatory reaction destroyed the 
tumor cells and resulted in an exuberant mass of 
granulation tissue which, unless sectioned, might 
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be mistaken for growth. Intact tumor cells per- 
sisted for longer periods of time in the subcutane- 
ous tissues of DBA mice than in corresponding 
sites in C3H and other mouse strains. It is of 
considerable interest that progressive growth of 
subcutaneous transplants was observed in several 
experiments involving the use of C3H mice bear- 
ing spontaneous mammary tumors. In all such 
cases the primary mammary tumor had metasta- 
sized, whereas no growth of the transplanted 
Rous sarcoma was obtained in other tumor- 
bearing C3H mice whose tumors had not metas- 
tasized. 

In several experiments attempts were made to 
transplant the Rous sarcoma grown in mouse 
brain to the subcutaneous spaces of other mice in 
association with fragments of embryonic organs, 
for it had been noted previously (4) that the 
Brown-Pearce rabbit tumor could be grown in the 
subcutaneous space of refractory mouse strains 
in this manner. Growth of the Rous sarcoma was 
obtained in fragments of embryonic mouse tissue 
transplanted to C3H mice but remained confined 
to the growing transplant and did not extend 
into host tissues. In such cases, the tumor rapidly 
lost its myxoid character, and the cells came to 
resemble those of adult fibrous connective tissue. 
The resemblance of the tumor to mature granula- 
tion tissue of host origin was marked, and its 
identity as the Rous sarcoma could only be es- 
tablished by the occurrence of typical histological 
features after retransfer back to the chicken. 

It was also noted that the Rous sarcoma de- 
rived from alien brain transplants, as well as 
tissue obtained directly from the chicken, grew 
well in association with transplants of other 
tumors. An illustration of such growth is shown in 
Figure 10. In this instance the Rous sarcoma and 
the mouse neuroblastoma, C1300, were trans- 
planted simultaneously to the anterior chamber of 
a guinea pig’s eye. The Rous sarcoma grows to a 
larger size and persists for a longer time under 
such conditions than when transplanted alone. © 


EmBryonic TissuE TRANSPLANTS 


The transfer of mammalian embryonic tissues 
to the brain or eye of the chicken is associated 
with a pronounced lymphocytic reaction, and, 
although some growth of the transplant is appar- 
ent, its extent and duration are largely obscured. 
It should be noted that a comparable reaction 
follows the homologous transplantation of embry- 
onic tissue in the chicken and thus appears to 
relate to a peculiarity of the host rather than to 
the constitution of the transplant. In contrast, 
transplants of chicken embryonic tissue to the 


eye and brain of the rabbit, guinea pig, and mouse 
do not induce an inflammatory reaction beyond 
vascularization and offer a unique material for 
experimentation. 

Growth characteristics.—A variety of embryonic 
chicken tissues have been successfully transplant- 
ed in mammals. The growth characteristics of the 
different tissues are essentially the same. Takes are 
apparent in the eye and brain within 5 days of 
transfer, and their early behavior does not dis- 
tinguish them from homologous embryonic trans- 
plants. Maximum growth is usually attained by 
the third week, and, although regression occa- 
sionally occurs, the majority of transplants per- 
sist. Histological study shows differentiation and 
organization into the adult counterparts of the 
embryonic tissues used, and in some instances 
there is evidence of function such as the produc- 
tion of keratin by squamous epithelium and of 
mucus by intestinal epithelium (Figs. 11-16). 

Constitutional status.—The ability of embryonic 
chick tissues to grow and differentiate into ma- 
ture, adult organs without inducing a foreign- 
body reaction in mammalian hosts suggested a 
constitutional status different from that attained 
during the course of normal development, and 
experiments were instituted in an attempt to ex- 
plore this suggestion. The approach was based on 
the differential susceptibility of mouse and chicken 


tissue to the Rous sarcoma virus and the virus — 


of fowl pox and consisted of a study of the reac- 
tions of infected embryonic chicken tissue trans- 
planted to mouse brains. It should be noted that 
the mouse is refractory to infection with these 
agents, whereas characteristic lesions develop in 
the chicken. 

Fragments of mesodermal tissue, cartilage 
or muscle, derived from a 10-day-old chick em- 
bryo, were bathed in cell-free filtrates of the Rous 
sarcoma and then transplanted to the brains 
of adult mice. The mice were killed 10-17 days 
after transfer, and the brains were sectioned 
through the site of inoculation. The results varied 
With the filtrate used. In some instances, the 
transplants appeared normal in all respects and 
showed no evidence of infection with the Rous 
virus. In the case of other filtrates, however, the 
majority of transplants contained foci of pro- 
liferation made up of cells identical in structure 
and arrangement with those found in the typical 
Rous sarcoma (Figs. 17 and 18). The usual nidus 
of induction of the sarcoma was in the peri- 
chondrium of embryonic cartilage, as shown i 
the illustrations, but foci were also found in trans- 
plants of muscle and connective tissue. 

Similar experiments were carried out utilizing 
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embryonic chicken skin bathed in cell-free fil- 
trates of fowl pox tissue before transfer to mouse 
brains. The results were consistent, and in all 
eases fowl pox lesions were present in the trans- 
plants (Figs. 19 and 20). 


DISCUSSION 


The experiments described in this paper were 
undertaken as part of an attempt to define 
the limits of heterotransplantability, and the re- 
sults demonstrate that the differences between 
zoological classes, as represented by the chicken 
on the one hand and the rabbit, guinea pig, and 
mouse on the other, do not constitute effec- 
tive barriers to the transplantation of cancer 
and embryonic tissue. Transplants between zoo- 
logical classes are representative of a greater 
divergence in tissue and humoral relationships 
than is associated with interspecies transplants 
and are thus more significantly indicative of the 
autonomous nature of the tissues in question. 
The autonomy or independence of biochemical 
immunological environment, demonstrated by 
the ability of a tissue derived from a rabbit to 
survive and grow in a chicken and vice versa, 
would appear to be a reflection of a constitution 
characterized by a lack of specificity and a high 
degree of self-sufficiency and, in these respects, 
offer a sharp differentiation from normal, adult 
states. 

The transfer of mammalian embryonic tissue to 
the brains of adult chickens met with only limited 
success, for, although there appeared to be some 
growth, the accompanying mononuclear cell re- 
action was so marked as to obscure its extent and 
character. A similar situation obtained with re- 
spect to transplants of the Brown-Pearce carci- 
noma, although this tumor grew well and evoked 
no cellular response in the brain of the developing 
chick embryo. Murphy has suggested that at 
some time between the 18th day of incubation and 
hatching the chick develops an ability to combat 
and destroy foreign transplants (10). It should 
be emphasized, however, that the refractoriness is 
not limited to foreign tissues but includes homolo- 
gous transplants as well. In fact, the transplanta- 
tion of embryonic chick tissue to the brain, eye, 
or muscle of the adult bird is followed by a more 
intense lymphocytic response than characterizes 
the transfer of heterologous tissue, and frequently 
such reactions are so marked as to stimulate a 
lymphosarcoma in microscopic appearance. It 
would appear from such observations that the 
lymphocytic response to transplants of mammali- 
an embryonic and tumor tissue is not concerned 
with their heterologous nature, but, on the other 


hand, represents an expression of a constitutional 
character of the chicken. This characteristic is 
not expressed in the embryo but is apparent at 
the time of hatching and develops with age. 

In contrast, embryonic chick tissues may be 
transplanted with relative ease to the brains of 
adult mammals. Furthermore, the Rous chicken 
sarcoma grows readily in an adult mammalian en- 
vironment and may be passed serially in a variety 
of species. Such transplants represent the recipro- 
cal of those employing the adult chicken as a host, 
and the absence of a cellular or foreign-body re- 
action lends support to the suggestion that this 
response reflects the constitution of the host rather 
than that of the transplant. 

The development of embryonic chick tissues 
continues in the mammalian environment, and 
differentiation and organization proceed to the 
end result of identifiable adult structures. The 
inference of such behavior ts that the cells of the 
tissue used for transfer are sufficiently inde- 
pendent of their environment that the already 
initiated processes of differentiation and organiza- 
tion may proceed outside their natural habitat, 
a suggestion implied by the numerous publica- 
tions on the in vitro cultivation of these tissues in 
heterologous media. 

It seems reasonable to assume that if morpho- 
logical maturation of a transplant of embryonic 
chick tissue were accompanied by the development 
of other biological features typical of adult chicken 
tissue, the attainment of such character would lead 
to the same foreign-body reaction in the mouse 
that distinguishes the transfer of adult chicken 
tissue. However, such a reaction does not occur, 
and a question arises concerning the constitu- 
tional status of the transplant and its relationship 
to adult chicken tissue. An attempt was made to 
supply pertinent data by determining the reac- 
tion of the transplant to several viruses specific 
for chicken tissue but noninfectious to mouse 
tissue. It was found that the specific disease de- 
veloped in the mouse-borne transplant, demon- 
strating that the response characteristic of the 
chicken was retained, and that with respect to 
this factor the tissue was chicken in identity. It 
would appear, therefore, that the immunological 
factors concerned in the induction of a foreign- 
body reaction are distinct and separable from those 
concerned in response to infection. In other words, 
the transplants are chicken in nature relative to 
susceptibility and not chicken in relation to anti- 
genicity. 

A similar paradoxical situation obtains with 
respect to embryonic rabbit skin transplanted to 
the mouse brain. The foreign-body reaction char- 
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acteristic of alien adult tissue is not induced, and 
yet this tissue retains its susceptibility to the 
Shope papilloma virus (6). These observations 
warrant further inquiry from the viewpoints of 
biology and ecology, but whatever their interpre- 
tation the fact remains that a disease can be in- 
duced in embryonic tissue of a susceptible species 
transplanted into a refractory species, and the 
technic offers a fresh approach to a number of 
problems in the field of immunology. 

The ability of the Rous sarcoma to survive 
transplantation to the subcutaneous space of 
C3H mice bearing metastasized spontaneous 
tumors in contrast to its failure to grow in normal 
mice or in mice bearing tumors in earlier stages of 
development requires emphasis from a different 
standpoint and constitutes further evidence that 
an altered constitutional status is associated with 
metastasis. Comparable behavior has been noted 
in the Brown-Pearce rabbit tumor, and an en- 
hancement of growth rate, invasibility, and metas- 
tasizability has been found to characterize the 
course of transplanted mouse tumors in C3H mice 
during the autonomous phase of spontaneous can- 
cer (4). The nature of the constitutional change 
and of the factors concerned in the increased 
growth of the Rous sarcoma when transplanted to 
the guinea pig’s eye in conjunction with another 
heterologous tumor are the subjects of continued 
investigation. 


SUMMARY 


The results of heterologous transplantation of 
tumors and embryonic tissues between zoologi- 
cal classes are described. The Brown-Pearce 
rabbit carcinoma and the mouse neuroblastoma, 
C1300, grew very well in the brains of 4-day 
embryo chicks but, when transplanted to the 
brains of adult chickens, resulted in small growths 
eventually destroyed by intense lymphocytic 
reactions. Embryonic tissue, both homologous 
and heterologous, elicited a similar but more 
pronounced reaction when transplanted to the 


brains of adult chickens. The Rous sarcoma 
grew well when transplanted to the eyes and 
brains of mice, guinea pigs, and rabbits. Em- 
bryonic chicken tissue transplanted to the eyes 
and brains of mammals grew and differentiated 
without eliciting a foreign-body reaction on the 
part of the host. Although lacking this immuno- 
logical characteristic of adult chicken tissue, they 
maintained their susceptibility to the virus agents 
of the Rous sarcoma and fowl pox by developing 
characteristic lesions in the transplantation site. 
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Fic. 1.—Brown-Pearce tumor growing in the ventricle 4 
days after transfer to the brain of a 4-day chick embryo. X 100. 
Fic. 2.—Ependyma covering Brown-Pearce tumor in chick 


embryo brain. 500. 


Fic. 3.—Extent of Brown-Pearce tumor 14 days after 
transfer to 4-day chick embryo brain. X12. 

Fia. 4.—Appearance of C1300 16 days after transfer to the 
brain of a 4-day chick embryo. 500. 
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Fic. 5.—Brown-Pearce tumor transferred to brain of a 1- 
day hatched chicken. Animal killed 22 days later. Note exten- 
sive infiltration of tumor by lymphocytes. 240. 

Fic. 6.—Brown-Pearce tumor 14 days after transfer to 
brain of a 1-day hatched chicken. Note invasion of Virchow- 
Robin space by tumor (upper right corner). < 240. 

Fic. 7.—Brown-Pearce tumor 32 days after transfer to the 
brain of a 26-day-old chicken. Identifiable tumor present with- 
out cellular reaction. 300. 

Fic. 8.—Transplant of Rous chicken sarcoma in the brain of 
a rabbit killed 11 days after transfer. < 240. 

Fic. 9.—Second generation transplant of Rous chicken sar- 
coma in the brain of a mouse killed 7 days after transfer. Note 
the absence of a cellular reaction to the heterologous tumor in 
the brain tissue in this and the preceding figures. X 240. 

Fic. 10.—Coincident transplant of the Rous chicken sar- 
coma and the mouse neuroblastoma, C1300, to the anterior 
chamber of a guinea pig's eye. X 200. 
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Fic. 11.—Transplant of heart muscle from a 10-day-old 
chick embryo to the anterior chamber of a guinea pig’s eye. 
The guinea pig was killed 25 days after transfer. < 180. 

Fic. 12.—Transplant of muscle from the gizzard of a 10- 
day-old chick embryo to the anterior chamber of a guinea pig’s 
eye. The guinea pig was killed 30 days after transfer. 240. 

Fic. 13.—Transplant of skin from a 10-day-old chick em- 
bryo to the brain of a DBA mouse. The mouse was killed 15 
days after transfer. < 160. 

Fic. 14.—Traasplant of kidney from an 8-day-old chick 
embryo to the anterior chamber of a guinea pig's eye. The 
guinea pig was killed 12 days after transfer. 600. 

Fic. 15.—Transplant of testicle from a 10-day-old chick 
embryo to the anterior chamber of a guinea pig’s eye. The 
guinea pig was killed 110 days after transfer. «340. 

Fic. 16.—Transplant of intestine from an 8-day-old chick 
embryo to the brain of a DBA mouse. The mouse was killed 
25 days after transfer. 550. 
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Fic. 17.—Transplant of a fragment of tissue from an 8-day- 
old chick embryo to the brain of a DBA mouse. Prior to trans- 
fer the fragment was bathed in a cell-free filtrate of the Rous 
chicken sarcoma. The mouse was killed 12 days after transfer. 
Note the Rous sarcoma arising in the perichondrium of the 
transplanted cartilage. 330. 

Fic. 18.—Transplanted fragment of 8-day embryonic chick 
tissue treated similarly (Fig. 17). The mouse was killed 15 days 
after transfer. Note again the typical Rous sarcoma arising in 
the transplant. 330. 

Fic. 19.—Transplant of skin from a 10-day-old chick em- 
bryo to the brain of a DBA mouse. Prior to transfer the skin 
was bathed in a cell-free filtrate of a fowl pox lesion. The mouse 
was killed 10 days after transfer. Note the typical inflammatory 
reaction in the included dermis. X 400. 

Fig. 20.—High-power view of transplant shown in Fig- 
ure 19. Note masses of intracellular inclusion bodies. X 1,000. 
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Effect of Light-activated Benzpyrene on Urease Activity” 


Gorpon C. MILts AND Joun L. Woop 


(Department of Biochemistry, The University of Tennessee, Memphis, Tenn.) 


For a number of years the view has been widely 
held that sulfur compounds are concerned in some 
manner with the production of tumors by aromatic 
carcinogens. The best known effect of simple poly- 
cyclic hydrocarbons upon sulfur metabolism is the 
formation of mercapturic acids. Since previous in- 
vestigations in this laboratory (8, 9) have shown 
that mercapturic acids are not present in the urine 
after ingestion of benzpyrene, an interference of 
the carcinogenic hydrocarbons with sulfur metab- 
olism must involve some other mechanism. 

The dependence of a number of enzymes on free 
sulfhydryl groups for their activity has led to the 
supposition that the carcinogenic hydrocarbons 
might react with sulfhydryl groups of one or more 
enzymes controlling the growth processes. If such 
a reaction were of a strictly chemical nature, it 
should be demonstrable in wtro with all protein 
sulfhydryl groups, provided that the latter are on 
an exposed surface of the protein molecule. Ron- 
doni and Barbieri (18), Rondoni and Bassi (19), 
and Gaetani (7), using cathepsin and papain prep- 
arations, have presented results which indicate 
that carcinogenic hydrocarbons will inhibit the ac- 
tion of these “sulfhydryl’’-dependent enzymes. On 
the other hand, the results obtained by Feigen- 
baum (6) do not support the conclusions of the 
Italian investigators. Mueller and Rusch (16) 
found no inhibition of a commercial urease prepa- 
ration by benzpyrene unless the latter had been 
irradiated previously. Following irradiation of the 
benzpyrene, inhibition of the urease activity was 
found to be of two types. The first, which was 
eliminated by catalase, was likely due to hydrogen 
peroxide. The second type, which was observed 
only after a period of prolonged irradiation, was 
due to some photochemical reaction product of the 
benzpyrene. In view of the variety of reports on 
the relation of carcinogenic hydrocarbons to the 
activity of such enzymes, it seemed advisable to 
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carry out further investigations using a purified 
enzyme preparation. Urease was chosen because 
the essentiality of sulfhydryl groups to its activity 
is well established (10), and it is readily prepared 
in a purified state. In order to eliminate the possi- 
bility of inhibition of the urease by hydrogen per- 
oxide, catalase was added to the experimental sam- 
ples. Furthermore, all the incubations were carried 
out in the dark to minimize the effects of light on 
the benzpyrene. 


MATERIALS AND METHODS 


Urease was prepared by the method of Sumner (20) and 
purified by the crystallization procedure of Dounce (5). The 
urease, when assayed by the method of Sumner, had an ac- 
tivity of 86,000 units/gm of protein. The sulfhydryl] content of 
the urease was determined by a micro amperometric titration 
as described by Benesch and Benesch (2). The sulfhydryl 
content of the active urease was 1.7 m/21,000 gm of urease 
protein.! The urease stock solution contained 0.59 mg of 
nitrogen /ml and showed no appreciable diminution of activity 
when kept at 2° C. for 3 months. The urease solutions used in 
the experiments described below were prepared by diluting the 
stock solution with water. These diluted solutions were allowed 
to stand 4 hours at room temperature before use, so that the 
maximum urease activity would be reached (17). Such solu- 
tions maintained their activity for several days when stored in 
a refrigerator. 

Commercial crystalline catalase preparation (Delta Chemi- 
cal Works) was used as an 8 mg. per cent aqueous solution. 
When this catalase solution was incubated with 5 X 10 
mM H,O, under the conditions used in the urease incubation ex- 
periments, the H.O, was destroyed within 6 minutes. A starch- 
iodide test was used to denote the presence or absence of the 
H,0,.. With the aid of a photoelectric colorimeter, the blue 
starch-iodine color could be detected when the H2O2 concen- 
tration was as low as 5 X 107§ m. 

Two crystalline samples of 3,4-benzpyrene were used in 
these studies. The first, Sample A, which was used in Experi- 
ment 3, Table 1, was a laboratory preparation which melted at 
177° C. (corr.). The ultraviolet absorption spectrum of this 
benzpyrene sample in ethanol showed all the peaks and points 
of inflection that are given in the literature (11, 13), with no 
indication of the presence of impurities. Paper chromatograms 
of this benzpyrene in caffeine solution, with 50 per cent ethanol 
as a developing solvent, gave one fluorescent spot with an Ry 
of 0.92. The second benzpyrene sample, Sample B (Edcan 
Laboratories), which was used in all the other experiments, 
was a crystalline preparation melting at 179° C. (corr.). Both 
of these benzpyrene samples had been stored in colorless glass 


1 Calculated on the basis of 130,000 units of urease activity 
per gram of urease protein, which is the value used by Heller- 
man, Chinard, and Deitz (10). 
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bottles in a laboratory illuminated with fluorescent lights and 
with diffuse daylight prior to their use in the initial experi- 
ments. 

Benzpyrene was dissolved in an aqueous 2 or 3 per cent caf- 
feine solution at room temperature. The undissolved benzpy- 
rene was removed by filtration, and the benzpyrene concentra- 
tion in the filtrates was determined with a Coleman Photo- 
fluorometer. The maximum benzpyrene concentration used was 
7.8 mg/100 ml. Both the benzpyrene and the caffeine solutions 
were prepared and stored at room temperature in the dark to 
avoid the effect of light upon the compounds (3, 16). 

p-Chloromercuribenzoic acid (Sigma Chemical Co.) was 
dissolved in the minimal amount of 0.1 nN NaOH and diluted 
to a concentration of 1 mg/liter. The 0.01 m cysteine solution 
was prepared from cysteine hydrochloride and contained an 
equivalent amount of NasCO; which was added to neutralize 
the HCl. 

Triple-distilled water was used for all solutions. All glass- 
ware was cleaned with concentrated HNO; to remove traces of 
urease inhibitors. 

Since hydrogen peroxide developed in solutions of benzpy- 
rene has been shown to inhibit urease (16), every precaution 
was taken to eliminate hydrogen peroxide in the incubated 
samples. Consequently, the procedure which was used for de- 
termination of the urease activity was as follows: The benzpy- 
rene in caffeine and phosphate buffer solution was incubated 
together with catalase solution for 10 minutes, then urease so- 
lution was added, and the resulting clear solution was gently 
shaken for 1 hour to allow time for reaction between benzpy- 
rene and the urease to occur. Urea was then added, and, after 
a 15-minute incubation period, the reaction was stopped with 
1 ml. of N sulfuric acid. All the incubations were conducted on 
a shaker at 37° C. A typical sample contained 1 ml. of 0.68 m 
phosphate buffer (pH 6.8), 1 ml. of 8 mg. per cent catalase solu- 
tion, 1 ml. of urease, 1 ml. of 5 per cent urea, and 5 ml. of 
aqueous caffeine containing benzpyrene. Control incubations 
contained all the components above, except that benzpyrene 
was omitted from the aqueous caffeine solution. Ammonia 
produced in the sample by the action of urease was determined 
in two 1-ml. aliquots by direct Nesslerization. The intensity of 
color was measured on a Klett-Summerson colorimeter. Con- 
trol incubations were conducted in triplicate, and the mean of 
the colorimeter values gave the total uninhibited activity of 
the urease. This value was used as a basis for calculating the 
urease inhibition in each benzpyrene-containing sample. 

When p-chloromercuribenzoate was used in the incubated 
samples, it was added 40 minutes after the urease and 20 min- 
utes before the urea. In every other respect the incubations 
were conducted in the manner previously described. 


RESULTS 

Preliminary studies of the effect of caffeine solu- 
tions of benzpyrene on Arleo jack bean urease?® 
yielded results which were in accord with the find- 
ings of Mueller and Rusch (16). In the absence of 
catalase, it was found that the urease was inhibited 
to the extent of 15 per cent. In the presence of 
catalase, the urease activity was no longer inhib- 
ited by the benzpyrene, and, hence, the inhibition 
otherwise noted was probably due to the formation 
of small amounts of hydrogen peroxide. 

In another preliminary experiment, Arlco urease 

2 A control experiment showed that when the preliminary 


incubation period was omitted, essentially the same results 
were obtained. 


powder was incubated with a solution of benzpy- 
rene in caffeine. After a 22-hour incubation period 
in the dark, the ultraviolet absorption spectrum of 
the benzpyrene was unchanged. When the pro- 
cedure of Miller (14) was used for isolating benz- 
pyrene bound to protein, a very small amount of 
protein-bound material was detected by fluoro- 
metric analysis. This amounted to less than 0.005 
per cent of the benzpyrene used. 


TABLE 1 
THE EFFECT OF BENZPYRENE ON UREASE* 
BP conc. Per cent 
Exp. No. of in sample inhibition BP sample 
no. samples (mg/100 ml) (av. [range]) used ¢ 
1 3 1.6 15( 7-20) B-1 
3 0.9 5( 0-13) 
3 0.6 2(— 2- 6) 
3 0.3 2(— 1- 8) 
2 4 7.8 23( 19-28) B-1 
2.3 22 
2 0.8 21 
0.2 0 
3 4 0. 32( 26-39) A 
4 8 1.5 15( 7-20) B-1 
5 10 1.5-1.9 — 2%— 8 7) B-2 
6 6 1.0-1.2 12( 8-15) B-3 


* The urease solution was a 1:350 dilution of the urease stock solution. 


t A, B-1: Subject to ordinary laboratory lighting for several months, 
B-2: B-1, after being kept in the dark 1 month. 
B-3: B-2 after 2 weeks’ exposure to fluorescent lights and sunlight. 


When purified urease was used, the results dif- 
fered markedly from those obtained with Arlco 
urease. Benzpyrene which had been kept in the 
solid state under ordinary laboratory lighting con- 
ditions (benzpyrene samples A, B-1, Table 1) 
regularly produced a 15-25 per cent inhibition of 
the urease activity in the presence of catalase. 
The results of Experiments 1 and 2 of Table 1 show 
the effect of the benzpyrene concentration on the 
urease inhibition. With the lower concentrations 
of benzpyrene, the inhibition was roughly propor- 
tional to the benzpyrene concentration. It ap- 
peared that a maximum inhibition was reached, 
however, beyond which further increases in the 
benzpyrene concentration would not increase the 
urease inhibition. Also shown in Table 1 are the 
results of a number of similar experiments, all of 
which show the urease-inhibiting activity of benz- 
pyrene sample B-1. When three different solutions 
of this benzpyrene sample were kept in the dark 
for several weeks, their urease-inhibiting activity 
entirely disappeared. 

Disappearance of urease-inhibiting activity was 
observed when solid benzpyrene was stored in the 
absence of light for a month (benzpyrene sample 
B-2). As seen in Table 1, Experiment 5, solutions 


3 Obtained from the Arlington Chemical Co. 
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prepared from this benzpyrene sample no longer 
produced any effect on the activity of the urease. 
However, after this inactive sample of benzpyrene 
had been exposed in a lime glass bottle to fluores- 
cent lighting and to direct sunlight through win- 
dow glass for a period of 2 weeks (benzpyrene 
sample B-3), it again inhibited urease activity. 
The next series of experiments was designed to 
obtain further evidence for the implication of 
sulfhydryl groups of urease in the inhibitory effect 
of benzpyrene. Experiment 7 of Table 2 shows the 


TABLE 2 


THE EFFECT OF CYSTEINE ON THE INHIBITION 
OF UREASE BY BENZPYRENE* 


Ml. of Per cent 
Exp. No. of 0.01 m inhibition 
no. samples cysteine (av. [range]) 
77 4 0 19( 12- 26) 
3 1.0 1) 
8t 3 0 20( 15- 24) 
3 1.0 0(— 1-+ 1) 


* The urease solutions used in Exp. 7 and Exp. 8 were 
1:700 and 1:500 dilutions, respectively, of the urease stock 
solution. 

Benzpyrene sample B-3 was used in these experiments. 


i Cysteine added at the beginning of the incubation pe- 
riod. 


t Cysteine added 40 minutes after the beginning of the 
incubation period. 


effect of adding 1 ml. of 0.01 m cysteine to the 
sample at the beginning of the incubation period. 
It is apparent that there was no inhibition of the 
urease by the benzpyrene in the presence of 
cysteine. When the benzpyrene and urease were 
incubated together for 40 minutes before the addi- 
tion of the cysteine, no inhibition of the urease 
could be detected subsequently. Hence, cysteine 
not only prevents the inhibition of urease by 
benzpyrene but reverses the inhibition after it has 
occurred. 

The addition of increasing amounts of p-chloro- 
mercuribenzoate to identical solutions of urease 
brings about a progressive inactivation of the 
urease molecule (10). This inactivation is due to a 
combination of the p-chloromercuribenzoate with 
the sulfhydryl groups of the urease. When this 
type of experiment was conducted with urease so- 
lutions in the presence or absence of benzpyrene, 
results were obtained which are shown in Table 3. 
The urease activity for each level of p-chloro- 
mercuribenzoate is definitely decreased by the 
presence of the benzpyrene. 


DISCUSSION 
The effect of light in altering the properties of 
benzpyrene solutions is well known. Irradiation of 


__ “As would be expected (10), the cysteine brought about an 
increase in the urease activity in both the control and the 
benzpyrene incubation samples. 


solutions of benzpyrene produces water-soluble 
materials which will kill infusorian coleps (15). Ir- 
radiated solutions of carcinogens will inhibit the 
growth of chick embryo cultures (12) and will 


cause the cytolysis of paramecia (4). Cysteine. 


greatly increases the survival time of the parame- 
cia. Irradiated solutions of carcinogens inhibit lac- 
tic and succinic dehydrogenases (3). When irradi- 
ation was carried out in oxygen-free solvents, there 
was no inhibition of these enzymes. This suggested 
that the photochemical reaction was of an oxida- 
tive nature. 

The experiments presented in this paper em- 
phasize in a quantitative manner the extreme re- 
activity of benzpyrene to light under the very mild 
conditions of low intensity exposure. The urease- 
inhibiting property of benzpyrene disappears 
when either the solid benzpyrene or solutions of 
benzpyrene are kept in the dark. There are at 
least two alternative explanations of this phenom- 
enon. First, the photo-reaction product may be in 
equilibrium with benzpyrene and revert to it in 
the absence of light. An example of this type of re- 
action is the photochemical dimerization of an- 
thracene (21). In the absence of light, the photo- 
chemical reaction product, dianthracene, dissoci- 
ates to regenerate anthracene. On the other hand, 
the photochemical reaction product of the benz- 
pyrene might be of a labile nature and decompose 
to an inactive material. Water-soluble photochem- 


TABLE 3 
THE EFFECT OF p-CHLOROMERCURIBENZOATE ON 
UREASE ACTIVITY IN THE PRESENCE 
OF 3,4-BENZPYRENE 


Mean urease 


No. of MI. of activity in 

Sample samples p-CMB* Klett units 
Control 3 0 212 
Benzpyrene 3 0 169 
Control 3 0.2 128 
Benzpyrene 3 0.2 89 
Control 3 0.35 90 
Benzpyrene 3 0.35 53 


* p-Chloromercuribenzoate. 
The urease solution was a 1:500 dilution of the urease stock 
solution. 


ical reaction products of carcinogens which are 
labile have been described (1). In the present 
study no attempt was made to remove oxygen 
from contact with benzpyrene in the solid state. 
Consequently, it is not known whether oxygen is 
involved in this instance in the production of the 
photochemical reaction product. 

The results with cysteine and p-chloromercuri- 
benzoic acid give definite evidence that the benz- 
pyrene “covers” the sulfhydryl groups of the 
urease. Further evidence is needed, however, to 
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establish the chemical nature of this “covering re- 
action.” 
SUMMARY 

Benzpyrene which had been stored in the dark 
had no effect upon the activity of urease. The same 
benzpyrene which had been exposed in the solid 
state to ordinary laboratory illumination through 
a colorless glass bottle inhibited urease. This inhib- 
itory activity disappeared when either the solid 
benzpyrene or solutions of benzpyrene were stored 
in the dark, and reappeared after the solid had 
been exposed to light again. 

The activity of urease inhibitory benzpyrene 
was prevented by cysteine. This effect of cysteine, 
in conjunction with the results obtained after 
treatment of the urease samples with p-chloro- 
mercuribenzoate, indicates that the inhibitory ef- 
fect of the benzpyrene was due to its action on the 
sulfhydryl groups of the urease. 


REFERENCES 


1. Atusopp, C. P. Photo-Oxides of Carcinogenic Hydro- 
carbons. Nature, 145:303, 1940. 

2. Brenescu, R., and Bensscu, R. E. Amperometric Titration 
of Sulfhydryl Groups in Amino Acids and Proteins. Arch. 
Biochem., 19:35-45, 1948. 

3. Boyuanp, E. Studies in Tissue Metabolism. II. The Inhi- 
bition of Lactic Dehydrogenase by Derivatives of Car- 
cinogenic Compounds. Biochem. J., 27:'791-801, 1933. 

4. Catcutt, G., and Newnouss, J. P. Inhibition of the 
Photodynamic Action of 3,4-Benzpyrene. Nature, 161: 
53-54, 1948. 

5. Dounce, A. L. An Improved Method for Recrystallizing 
Urease. J. Biol. Chem., 140:307-8, 1941. 

6. Fe1cEnBauM, J. The Action of Carcinogenic Compounds 
and Related Substances on Enzymes. Exper. Med. & 
Surg., 2:304-10, 1944. 

7. Garetant, E. Action of Carcinogenic Hydrocarbons on 


| 


8. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


Enzymic Action of Papain. Tumori, 32: 165-70, 1946. 
Gutmann, H. R., and Woon, J. L. The Effect of Bromo. 
benzene and 3, 4-Benzpyrene on the Metabolism of Radio- 
active L-Cystine. Cancer Research, 10:8-12, 1950. 
———.. The Urinary Excretion of Mercapturic Acids after 
Administration of Bromobenzene and 3,4-Benzpyrene, 
Ibid., pp. 701-4. 

HELLERMAN, L., Cuinarp, F. P., and Derrtz, V. R. Protein 
Sulfhydryl Groups and the Reversible Inactivation of the 
Enzyme Urease. J. Biol. Chem., 147: 443-62, 1943. 
Jones, R. N. The Spectrographic Analysis of Carcinogenic 
Hydrocarbons and Metabolites. Cancer Research, 2:237- 
44, 1942. 

Lewis, M. R. The Photosensitivity of Chick Embryo Cells 
Growing in Media Containing Certain Carcinogenic Sub- 
stances. Am. J. Cancer, 25:305-9, 1935. 

MayneEorp, W. V., and Ros, E. M. F. The Ultraviolet Ab- 
sorption Spectra of Some Complex Aromatic Hydro- 
carbons. Proc. Roy. Soc., London, s.A, 152: 299-324, 1935. 
Mutter, E. C. Studies on the Formation of Protein-bound 
Derivatives of 3,4-Benzpyrene in the Epidermal Fraction 
of Mouse Skin. Cancer Research, 11: 100-108, 1951. 
Morrtram, J. C., and Dontaca, I. The Photodynamic Ac- 
tion of Carcinogenic Agents. Lancet, 1:1156, 1938. 
MUELLER, G. C., and Ruscu, H. P. Irradiated Benzpyrene 
and Inhibition of Urease Activity. Cancer Research, 
3:113-16, 1943. 

PETERSON, J.; Harmon, K. M.; and Niemann, C. The 
Dependence of the Specific Activity of Urease on the Ap- 
parent Absolute Enzyme Concentration. J. Biol. Chem., 
176: 1-7, 1948. 

Ronponl, P., and Barsieri, G. P. The Action of Some 
Carcinogenic Compounds on SH-Activated Enzymes. 
Enzymologia, 14:10-14, 1950. 

Ronponl, P., and Basst, M. Action of Carcinogenic Sub- 
stances on Proteolytic Enzymes. Ricerca scient., 18: 1038- 
43, 1948. 

Sumner, J. B. The Isolation and Crystallization of the 
Enzyme Urease, J. Biol. Chem., 69:435-41, 1926. 
Taytor, H. A., and Lewrs, W. C. M. Studies in Chemical 
Reactivity. II. The Anthracene < Dianthracene Reaction, 
Photochemical and Thermal. J. Am. Chem. Soc., 46: 1606- 
14, 1924. 


oe 
i 
Be 
+ 
= 
aya 
~ 
+ 
ES. 
“a4 
| 
ies 
fe. 
> 
| 


Insect Tumors Induced by Nerve Severance: 


Incidence and Mortality* 


BERTA SCHARRER 


(Department of Anatomy, University of Colorado, School of Medicine, Denver, Colo.) 


Among the causative and contributory factors 
in abnormal growth, the nervous system deserves 
attention—even though, to date, very little experi- 
mental evidence is available to suggest a relation- 
ship between nervous disturbance and tumor de- 
velopment. The insect, Leucophaea maderae, is one 
example which illustrates such a relationship. In 
this species, tumors! can be induced experimental- 
ly by severance of the recurrent nerve. Branches of 
this autonomic nerve innervate the organs affected, 
i.e., the anterior portion of the alimentary canal 
(foregut and anterior midgut, or stomach) and the 
salivary organs (salivary glands and reservoir). 
This observation has been reported in preliminary 
form (1-3). A series of studies is intended to deal 
with certain aspects of this problem in somewhat 
more detail. 

A large proportion of animals in which the re- 
current nerve has been cut succumb to these tu- 
mors after varying periods of time. It had been 
noted early in this work that males and females 
show differences in their response to the develop- 
ment of tumors (4). The nature of these differences 
was analyzed in experiments to be reported here. 


MATERIALS AND METHODS 


Leucophaea, the insect used in this work, is a large, ovovivip- 
_ arous roach belonging to the subfamily Panchlorinae. Of 
South American origin, the animal has been bred in the labora- 
tory for over 10 years. Stock colonies are kept in large earthen- 
ware crocks; for experimental animals, pint-size glass jars are 
suitable. The food consists of apples, carrots, dog chow, and 
occasionally hard-boiled eggs. This insect offers many advan- 
tages as an experimental animal. Neither anesthesia nor sterile 
precautions are necessary for the operations performed. Post- 
operative losses are small. Since the normal life span of the 


* Research grants from the American Cancer Society and 
The Anna Fuller Fund are gratefully acknowledged. 


1The term “tumor” as used here does not imply that 
the growths under investigation are in every respect of the 
Same nature as neoplasms in vertebrates. Histopathological 
and histophysiological data have been accumulated and will be 
reported in subsequent papers in which these growths will be 
characterized in detail and in which their differentiation from 
lesions such as injury reactions (6) will be discussed. 
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species is long (2-3 years), there is ample time for tumors to 
develop. 

In the experimental series on which this report is based, con- 
ditions were kept as constant as possible. The animals used for 
operations were “‘dated,”’ i.e., the time of their emergence from 
nymphs into adults was recorded. All animals were young 
adults (not exceeding 48 days of “adult age’) at the time of the 
nerve operation. As many suitable specimens as became avail- 
able were subjected to nerve severance within approximately 
the same period of time. For reasons to be discussed later, the 
gonads were removed from about one-half of the group several 
weeks prior to nerve severance. 

Thus, four groups of animals were available for comparison: 


a) Females with nerve severance 

b) Males with nerve severance 

c) Castrate females with nerve severance 
d) Castrate males with nerve severance 


The animals were regularly checked. When a specimen had 
died or had to be sacrificed because it seemed close to death, it 
was autopsied, and the presence or absence of tumors was re- 
corded. As “‘positive’’ were marked those animals in which at 
least one of the organs normally innervated by the recurrent 
nerve showed a tumor. There are no certain criteria by which 
the presence of tumors can be ascertained in living, unopened 
animals. In cases where the response to the nerve injury is slow, 
death may occur before tumor growth has proceeded to the 
point where it can be identified with certainty at autopsy. Even 
with daily checks for deaths in the tumor colonies, a small num- 
ber of animals are unsuitable for histological examination, be- 
cause the organs involved may show post mortem decay. An- 
other small proportion of animals is lost in each experimental 
series for various reasons, such as escape, occasional cannibal- 
ism,” death from postoperative or unidentified causes. 


RESULTS 


Tumor INCIDENCE 


A precise determination of the incidence of in- 
sect tumors due to nerve severance meets with dif- 
ficulties. For one, the interval between operation 
and death from the tumors varies widely—from a 
few days to several months. The longer the ani- 
mals survive, the greater is their chance to be lost 
for reasons mentioned in the preceding chapter. 
Among the lost animals may be potential positive 
tumor cases. Since only those specimens in which 


2 This difficulty could be avoided by placing experimental 
animals in individual containers. However, it has been found 
advantageous to keep two to three specimens together in order 
to promote activity, feeding, etc. 
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tumors could actually be identified are listed as 
positive in our experiments, the figures on tumor 
incidence obtained represent conservative values. 

Of the 150 specimens in which the recurrent 
nerve had been cut, 95 were classified as positive, 
39 negative, and 16 inconclusive—i.e., they were 
difficult to diagnose on account of post mortem 
changes, etc. The tumor incidence in this group 
was therefore 71 per cent (63 per cent for the 
males, 76 per cent for the females). Among the 189 
gonadectomized specimens with nerve severance, 
117 were positive, 39 negative, and 30 inconclu- 
sive. The tumor incidence for this group as a whole 
was 75 per cent (83 per cent for the males, 67 per 
cent for the females). 

These values are in line with those of earlier ex- 
perimental series in which the estimated incidence 
ranged from about 70 to 80 per cent. It can thus be 
stated that in the insect, Leucophaea, the incidence 
of tumors developing due to nerve severance, is 
high, 1.e., roughly 75 per cent. Castration preced- 
ing nerve operation does not seem to influence the 
tumor incidence appreciably. Although it would 
appear that more castrate males develop tumors 
than castrate females and noncastrate males, these 
differences should not be considered significant 
unless they can be further substantiated. In part, 
they can be explained on the basis of differences in 
mortality rates, which will be discussed in the fol- 
lowing section. 

It has been mentioned that tumors develop in 
several locations below the level of nerve transec- 
tion. Post mortem examination of a given speci- 
men may show the presence of tumors either in one 
or more of the organs in question. The relative fre- 
quency with which each of these sites is involved 
differs markedly. These differences seem to de- 
pend, at least in part, on varying speeds of tumor 
growth, according to the organ affected, and on 
differences in the lethal properties of the various 
tumor types. 

The site which was found most frequently af- 
fected was the midgut (stomach). Of 212 positive 
cases (with one or more tumor sites) in the present 
series of experiments, 160 had tumors in the mid- 
gut, 88 in the salivary organs, and ten in the 
foregut. 


MortTAuity oF TUMOR-BEARING INSECTS 


It has been stated before that the time elapsing 
between nerve severance and death due to tumors 
varies considerably. Since the onset of tumor 
growth cannot be determined without sacrificing 
the animal, no precise statement can be made as to 
when tumors start to grow and how long a tumor- 
bearing animal can survive. It may well be that 


first signs of tumorous change appear soon after 
nerve severance in all specimens concerned. This 
process may lead to rapid tumor growth, in some 
cases causing early death, and may proceed so 
slowly in others that it does not become fatal be- 
fore death from other causes intervenes. 

For the duration of the survival period also the 
site of tumor formation is important. Tumors in 
the midgut tend to appear soon after operation 
and often develop so rapidly that death occurs 
before tumors in the salivary organs have a chance 
to develop. With increasing survival rates, there- 
fore, the incidence of tumors in the salivary organs, 
particularly in the salivary reservoir, increases. 
Tumors in the salivary organs alone may or may 
not be lethal to the host. At any rate, in the experi- 
ments reported here midgut tumors must be con- 
sidered the prime cause of death. 

In an evaluation of the tumor mortality in 
Leucophaea, it is necessary, therefore, to focus at- 
tention on those tumor deaths that occur rela- 
tively soon after nerve severance. Consequently, it 
was decided to consider only those animals that 
died of tumors within 200 days after the nerve op- 
eration. Tumor-bearing animals that survived 
longer were not included in the analysis. Their 
tumors, being located for the most part in the 
salivary reservoirs, could not be considered respon- 
sible with reasonable certainty for death, in view 
of the survival rate of normal adults. To illustrate 
this point, in a group of 117 unoperated controls, 
the mean “adult age” (interval between emer- 
gence of the adult and death) was almost 13 
months (387 days), with a maximum of 29 months 
in females and of 21 months in males. The gap 
between these normal survival rates and the “‘adult 
age” (a maximum of 48 days preceding nerve 
section plus up to 200 days postoperatively) of the 
tumor groups seems sufficiently large to minimize 
the danger of including in the analysis deaths not 
attributable to the tumors. 

Among the animals in which the recurrent nerve 
had been severed, 54 tumor-bearing females and 
28 tumor-bearing males died within the period of 
200 days after the operation. The mortality rate in 
the two groups shows a marked difference in that 
the males survived considerably longer than the 
corresponding female group. For the male group, 
the mean survival time was 104.5 days, with a 
standard error of +11.43; that for the female 
group was 65.0 days, with a standard error of 
+ 6.71. Calculation of the standard error of the dif- 
ference between these two means results in a criti- 
cal ratio (C.R.) of 3, which indicates that such a 
situation would occur by chance alone 3 times in 
1,000. The difference in survival time, therefore, 
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appears to be statistically significant.* The mor- 
tality rates are expressed on a percentual basis in 
Chart 1. The curves were obtained by plotting the 
percentage of survivors in each group at 10-day 
intervals. 

These curves, as well as the mean values, clearly 
indicate a sex difference in tumor mortality. Spe- 
cial attention should be called to the first few 
weeks, which constitute the most significant pe- 
riod. Here the difference between the sexes is 
rather striking. While the first male tumor death 


influence of the male and female gonads on resist- 
ance to tumors would in turn constitute additional 
indirect evidence for the existence of sex hormones 
in insects. Therefore, it seemed to be of interest to 
test the effect of castration on tumor mortality. 
Gonadectomy was performed, in either newly 
emerged adults or old nymphs. In order to allow 
ample time for the effect of this operation to mani- 
fest itself, subsequent nerve severance was not per- 
formed until at least 3 weeks had passed after cas- 
tration. As can be seen from Chart 1, the two 
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Cuart 1.—Mortality rates of adult tumor-bearing Leuco- 
phaea males and females during a period of 200 days following 
nerve severance. The animals of the groups marked ““REC.”’ 
(54 females and 28 males) had the recurrent nerve cut on day 0. 
The animals of the groups marked “CAST. REC.” (43 fe- 


did not occur until the 23d day after operation, ten 
females died of tumors between 2 and 23 days. The 
2-day interval is remarkable in that it represents 
the earliest tumor death ever recorded in our work. 
The possibility that this case might have been a 
spontaneous tumor is exceedingly remote. Among 
approximately 500 normal adult animals exam- 
ined, only two had “spontaneous” tumors, none of 
which had reached the size of those obtained ex- 
perimentally by nerve severance. 

The question arose whether or not the observed 
sex difference in tumor mortality had anything to 
do with hormonal differences. There is still no 
definite proof for the presence of sex hormones in 
insects, although there are certain indirect indica- 
tions for it (5). The demonstration of a possible 

3 JT am grateful to Dr. Edith Boyd, Child Research Council, 


for her assistance in the statistical evaluation of these results. 


males and 59 males) had been castrated several weeks prior to 
day 0, on which nerve severance was performed. The curves 
show the survival rates of the four groups of animals on a per- 
cental basis. The means are indicated by small circles. 


curves representing the survival rates of tumor- 
bearing castrates are very similar and constitute 
values intermediate between those of noncastrate 
tumor-bearing males and females. The mean value 
for the survival rate of the male castrate group was 
80.6 days (+6.18), that for the female castrates, 
86.0 days (+ 7.40). The two values do not differ 
significantly (C.R. = 0.56; P = 0.58). For the 
difference between male castrate and male non- 
castrate tumor-bearing animals, the C.R. is 1.84 
(P = 0.06), and for that between female castrate 
and female noncastrate tumor-bearing animals the 
C.R. is 2.10 (P = 0.04). 

The comparison of the four experimental groups 
of animals studied leads to the following conclu- 
sion: Since tumor-bearing noncastrate males and 
females show a difference in survival rate which 
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can be abolished by castration, this difference must 
in some way be attributed to the gonads. 


DISCUSSION 


It has been shown that the presence of the sex 
glands in tumor-bearing insects seems responsible 
for differences in the mortality rates of males and 
females and that this difference disappears after 
gonadectomy. This result lends support to the as- 
sumption, so far only based on indirect evidence, 
that there are sex hormones in insects. A somewhat 
closer analysis of the survival rates in the four 
groups of experimental animals represented in 
Chart 1 shows that, while gonadectomy decreases 
the mortality in females, it increases it in males. 
The effect on the females might be explained in 
terms of metabolic changes. Normally, a substan- 
tial amount of reserve substances is needed for the 
development of the young. When the demand is 
abolished by ovariectomy, these substances be- 
come available for the needs of the female. These 
needs are increased by tumor development, which 
affects the vitally important alimentary canal. If 
tumor death were merely a consequence of starva- 
tion due to pathological changes in the gut, the 
change in tumor mortality after castration could 
be explained, at least as far as females are con- 
cerned, by changes in their metabolism, and no 
direct hormonal influences would need to be postu- 
lated. That the situation is not quite so simple is 
indicated, however, by metabolic studies which 
were undertaken to clarify this question (7). This 
work will be reported later in more detail. The 
results indicate that death in tumor-bearing fe- 
males may occur at a time when their body re- 
serves (especially fatty acids) are still intact. The 
causes of death must, therefore, be other than 
metabolic. In other words, in the female group the 
survival rate cannot be taken as a mere reflection 
of the body content in reserve material and cannot, 
therefore, be explained on this basis alone. 

As far as the males are concerned, it is even 
more unlikely that metabolic changes caused by 
castration should themselves be responsible for the 
decrease in resistance to tumor growth. Even if 
changes in metabolism could be made responsible 
for the changed tumor resistance due to castration, 
the manner in which these metabolic changes are 
brought about suggests for its explanation the ac- 
tion of sex hormones. 

Little need be said about the reported data on 
tumor incidence. They indicate that a large pro- 
portion, approximately 2, of the specimens in 
which the recurrent nerve has been severed suc- 
cumb to tumors. Evidence is not sufficient to pos- 


tulate that the sexes differ with respect to the 
number of induced tumor cases. The seemingly 
higher incidence in females as compared to males 
of the same noncastrate group could be explained, 
at least in part, on the basis of the shorter survival 
time in females, which permits the identification of 
tumor cases with a somewhat greater degree of 
certainty. Furthermore, the observation that cas- 
tration has no essential influence on tumor inci- 
dence makes a sex-linked difference in tumor sus- 
ceptibility unlikely. 

The higher frequency of tumors in the midgut, 
as compared to other locations, may be due to the 
fact that midgut tumors develop faster and reach 
lethal proportions before other tumors had a 
chance to manifest themselves. 


SUMMARY 


1. In the insect Leucophaea maderae the inci- 
dence of tumors developing after severance of the 
recurrent nerve is high—i.e., roughly 75 per cent. 
The incidence does not seem to differ significantly 
in males and females. Accordingly, castrates re- 
spond to the nerve transection in approximately 
the same way as noncastrate animals. Among the 
organs involved tumors appear most frequently in 
the midgut (stomach), an observation which may 
perhaps be explained by a more rapid and more 
destructive growth pattern of these as compared to 
tumors in other sites (salivary organs, foregut). 

2. The mortality rates of tumor-bearing ani- 
mals differ significantly: males as a group survive 
longer than females. The sex difference in resist- 
ance to the presence of tumors disappears after 
castration. This observation offers indirect evi- 
dence, but no proof, for the presence of sex hor- 
mones In insects. 
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The Inhibition of Liver Carcinogenesis with 


in Hypophysectomized Rats” 


A. C. Grirrin, A. P. Rinrret, AND V. F. CorsiGILia 


(Division of Biochemistry, School of Medicine, Stanford University, Stanford, Calif.) 


From studies carried out at the University of 
California, a diversity of neoplasms has been ob- 
served in female rats given pituitary growth hor- 
mone for a prolonged period (6, 9-11). An absence 
of tumors, however, was noted in hypophysecto- 
mized rats similarly treated with the growth hor- 
mone (12). These investigators have also reported 
that the administration of methylcholanthrene to 
hypophysectomized rats resulted in fewer tumors 
than were obtained in control intact animals (13). 

Many factors are known that alter the carcino- 
genic activity of the azo dyes; however, these 
studies have not been extended to hypophysecto- 
mized rats. Riboflavin and other dietary constitu- 
ents will modify the action of certain of these com- 
pounds. Richardson and Cunningham (14) dem- 
onstrated that application of methylcholanthrene 
resulted in a lowering of the liver tumor incidenée 
in rats fed diets containing 3’-methyl-4-dimethy]- 
aminoazobenzene (3’-Me-DAB). Symeonidis e¢ al. 
(16) reported that adrenalectomized rats fed diets 
containing 4-dimethylaminoazobenzene had a 
lower liver tumor incidence than did the normal 
controls. In addition, these workers observed that 
subcutaneous administration of desoxycorticoster- 
one acetate resulted in a protection against liver 
damage by the azo dye in both intact and adrenal- 
ectomized rats. Recently, it was found in this lab- 
oratory that administration of the nitrogen mus- 
tard, methylbis(6-chloroethyl)amine, also resulted 
in a considerably lower liver tumor incidence in 
rats fed diets containing 3’-Me-DAB (38). 

The present study was initiated to determine 
whether hypophysectomy would alter the activity 
of the active azo compound, 3’-Me-DAB, and to 
ascertain whether the above effects are related to 
pituitary or possibly pituitary-adrenal function. 


* This investigation was supported by a research grant 
from the Dernham Trust Fund, California Division, American 
Cancer Society. 
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METHODS 


The study was carried out in two parts. For the first series, 
male albino rats of the Holtzman-Sprague Dawley strain were 
hypophysectomized in this laboratory. Following this opera- 
tion, the animals were maintained on Purina Laboratory 
Chow for 1 week. Rats, also males, of the second series were 
hypophysectomized by the Hormone Assay Laboratories, Inc., 
Chicago. Approximately 2 weeks intervened between the time 
of hypophysectomy and the start of the dye feeding in this 
series. All the animals were kept in wire-bottomed cages in a 
small incubated room maintained between 24° and 27° C. 
The synthetic diet used in this laboratory (4) contained 0.06 
per cent 3’-Me-DAB and was fed ad libitum. Food intakes and 
body weights were taken at weekly intervals. 

A few rats from each series died in the period between hy- 
pophysectomy and the initiation of feeding of the diet contain- 
ing the azo compound. The survival during the actual study 
was remarkably good. Twenty-six animals were started on the 
diet containing the dye, and twenty-four survived throughout 
the study. At the time of sacrifice the animals were anesthetized 
with ether, the pleural cavity exposed, and the heart punctured. 
The adrenals, kidneys, hypothalamus, tongue, glottis, upper 
trachea, lungs, section of small intestine and stomach, testis, 
pituitary (if any remained), and a portion of liver or liver tu- 
mors, if present, were preserved in 10 per cent formalin. Dr. H. 
L. Richardson kindly agreed to carry out the histology and 
pathology on the two experimental series. The remaining liver 
tissues were homogenized in cold distilled water and were sub- 
sequently analyzed for riboflavin and desoxyribonucleic acid by 
methods routinely used in this laboratory (4). 


RESULTS AND DISCUSSION 

Results obtained in this study indicate that 
pituitary or possibly adrenal-pituitary function is 
involved in the induction of liver tumors by the 
carcinogenic azo compounds. Hypophysectomy ef- 
fectively inhibited the formation of hepatomas in 
rats fed diets containing 0.06 per cent 3’-Me-DAB 
up to periods of 19 weeks; this period is almost 
twice that required to induce a 100 per cent tumor 
incidence in intact animals. The findings obtained 
thus far do not conclusively demonstrate that the 
hypophysectomized rats were given complete pro- 
tection against the carcinogen. The feeding of the 
azo dye for prolonged periods would be required 
before it could be ascertained whether complete 
protection was provided or whether the process 
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was merely slowed down. From Table 1 it may be 
observed that the correlation between hypophy- 
sectomy and the protection against azo dye liver 
damage was excellent. Of the eighteen rats com- 
pletely hypophysectomized which were sacrificed 
between 14 and 19 weeks only one (Rat R) showed 
any evidence of cirrhosis. All the others had nor- 
mal appearing livers. In addition, the concentra- 
tion of riboflavin and desoxyribonucleic acid in the 
livers of these animals was well within the normal 
range. The concentration of desoxyribonucleic 
acid in the livers of these animals fell between 320 
and 380 mg/100 gm while the riboflavin values 
were between 18 and 20 ywg/gm of liver. 


the livers were severely cirrhotic and enlarged. At- 
tention should be called to three of the animals in 
this series, F, I, and Q (Table 1), which exhibited 
mild cirrhosis at the time of sacrifice. In all these 
animals there was evidence of incomplete hy- 
pophysectomy. Whether or not the remaining 
pituitary was functional, which would enhance the 
action of the azo dye, could only be ascertained by 
a far more extensive study. All the results ob- 
tained, however, agree with the assumption that 
pituitary or adrenal-pituitary function is involved 
in the induction of liver tumors by the azo com- 
pounds. Livers from the partially hypophysecto- 
mized animals had a high concentration of desoxy- 


TABLE 1 


THE EFFECT OF HYPOPHYSECTOMY ON THE CARCINOGENIC ACTION 
OF 3-METHYL-4-DIMETHYLAMINOAZOBENZENE 


TIME DYE 
WAS FED APPEARANCE OF LIVER AT 
RatT no. (Weeks) END OF DYE FEEDING REMARKS 
First series* 
A, C Controls 14 Severe cirrhosis, large mul- Hypophysis intact, adrenals and gonads nor- 
tiple tumors in each liver ma 
B, D 14 Normal Hypophysectomy complete, adrenal and tes- 
ticular atrophy 
F, I 16 Mild cirrhosis Approximately 25 per cent of hypophysis left 
intact 
G, H, J, K, L 16 Normal All completely hypophysectomized, adrenal 
and testicular atrophy 
Second series f 
E 9 Normal Complete hypophysectomy 
M, N, O, P, S 15 Normal Complete hypophysectomy 
Q ,19 Mild cirrhosis, no tumor Pituitary tag intact, adrenals not completely 
atrophied 
R 19 Mild cirrhosis, no tumor Complete hypophysectomy 
T, U, V, W, X 19 Normal Complete hypophysectomy 


* Holtzman-Sprague Dawley strain, hypophysectomized at Stanford. Average rat weight at start of experiment, 180 gm.; final 


weight, 165 gm. Average food intake, 9 gm/rat/day. 


t Sprague-Dawley strain. Hypophysectomized at Hormone Assay Laboratories, Inc., Chicago. Average weight at start of 
experiment, 155 gm., final weight, 143 gm. Average food intake, 7.2 gm/rat/day. 


In contrast to the above findings, investigators 
at the University of Wisconsin have conclusively 
demonstrated that the feeding of diets containing 
at least 0.048 per cent of 3’-Me-DAB to intact 
rats for 10-12 weeks resulted in a high percentage 
of hepatomas (1, 8). When diets containing 0.032 
per cent or 0.04 per cent of this carcinogen were 
fed for 4 months they also induced a high tumor in- 
cidence (2). Cirrhosis and liver damage were evi- 
dent in most of the animals fed the above diets. In 
this laboratory we have repeatedly observed that 
the feeding of diets containing 0.06 per cent 3’-Me- 
DAB for 12 weeks resulted in nearly a 100 per cent 
tumor incidence. Since the carcinogenic activity of 
this compound has been firmly established, only 
two rats were maintained for controls (A and C, 
Table 1). These animals were subjected to the sur- 
gical procedures of hypophysectomy, except that 
the pituitary was left intact. Under identical con- 
ditions these animals developed large tumors, and 


ribonucleic acid and a lowered concentration of 
riboflavin, which is characteristic when the azo dye 
is fed to intact rats for several weeks (4). 

It is difficult to provide a mechanism which 
would accurately explain the inhibitory action of 
hypophysectomy on the induction by the azo dye 
of liver tumors. Considerable concern has been 
given to the food intake of the hypophysectomized 
animals in this study. The food intake was lower 
in these animals than has been observed in intact 
rats. Animals of the first series had an average food 
intake over the dye feeding period of 9 gm/rat/ 
day. In the second series, the value was 7.2 gm. 
From our past observations, 10 gm. daily per in- 
tact rat would constitute an average intake under 
comparable conditions to those in the present 
study. We are not of the opinion that the some- 
what lower intake in the hypophysectomized rats 
could account for the almost complete absence of 
liver damage after almost 19 weeks of feeding the 
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diets containing 0.06 per cent 3’-Me-DAB. At the 
termination of the experiment, the weights of the 
hypophysectomized rats averaged within 15 gm. of 
their initial value; this finding also suggests that 
they were not in a state of inanition. The multiple 


functions of the hypophysis complicate any ex-— 


planation of the results obtained. From the studies 
of Moon and associates (6, 9-11) it is suggestive 
that somatrophin is involved in cancer induction. 
On the other hand the induction of tumors by this 
hormone was effectively blocked by hypophysecto- 
my. The thyroid hormone, gonadotrophins, or the 
lactogenic hormone also may be involved in the ac- 
tion of azo dye compounds. Carbohydrate metab- 
olism likewise is influenced by the hormones of the 
adrenal and pituitary, which could alter the car- 
cinogenic activity of the azo dyes. It is not possible 
to make reference to or to attempt any correlation 
with the many publications on hormones and 
cancer induction. Symeonidis and associates (16) 
have found that adrenalectomy or the administra- 
tion of DOCA resulted in a lowering of the inci- 
dence of liver tumors in rats fed 4-dimethylamino- 
azobenzene. Kaplan (5) has conclusively demon- 
strated that adrenalectomy caused an increase in 
lymphoid tumors in C57BL mice exposed to total- 
body irradiation. Administration of cortisone con- 
currently with or after total-body irradiation in- 
hibited the development of lymphoid tumors in 
this strain of mice. In studies on the inhibition of 
azo dye liver tumor formation by methylcholan- 
threne, Richardson noted that there was consid- 
erable adrenal change when the hydrocarbon and 
3’-Me-DAB were administered together (15). This 
investigator! is of the opinion that the mechanism 
of inhibition of azo dye carcinogensis by methy!]- 
cholanthrene must be through a block of the 
adrenal steroid mechanism between the hypophy- 
sis and adrenal gland. A similar explanation may 
possibly account for the inhibitory action of nitro- 
gen mustard on 3’-Me-DAB carcinogenesis ob- 
served in this laboratory (3). Ludewig and Chanu- 
tin (7) have found that administration of the nitro- 
gen mustards to rats caused adrenal hypertrophy 
and a loss of esterified cholesterol from the gland. 

From the results of the present investigation we 
may conclude that the pituitary or possibly the 
adrenal, or both, is involved in azo dye liver car- 
cinogenesis. Gonadotrophin, adrenocorticotro- 
phin, cortisone, and other hormones will be admin- 
istered to hypophysectomized rats fed diets con- 
taining this carcinogenic azo dye to determine, if 
possible, the function of the pituitary that is in- 
volved in this inhibition of carcinogenesis. 


1 Dr. H. L. Richardson, private communication. 


SUMMARY 

Hypophysectomy effectively inhibited the for- 
mation of liver damage and hepatomas in rats fed 
diets containing 0.06 per cent 3’-methyl-4-di- 
methylaminoazobenzene up to periods of 19 weeks. 
In other experiments a 10—12-week period of feed- 
ing has usually been sufficient to induce a high per- 
centage of tumors in intact animals. 
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Regeneration of Mouse Liver after 


Partial Hepatectomy™ 


Hisaxo O. YokoyaMa,t Marcaret E. Witson,t Kennetu K. Tsuszor,§ 


AND Rosert E. STrowELu 


(Department of Pathology and Oncology, University of Kansas Medical Center, Kansas City 12, Kansas) 


The rapidly growing liver tissue after partial 
hepatectomy has been used advantageously by in- 
vestigators to study changes during accelerated 
growth and proliferation of cells (4, 7, 12, 15). 
Previous reports have been chiefly on rats. In 
many instances, pooled samples were taken for 
chemical data. In the present investigation a com- 
prehensive study was made on individual samples 
of regenerating (restoring) mouse liver by several 
methods of approach: (@) quantitative morpho- 
logical and cytological studies of cell and tissue 
growth (22), (b) histochemical and cytochemical 
localization of substances (23), and (c) quantita- 
tive biochemical analyses (20). 


MATERIALS AND METHODS 


A total of 165 white mice of strain A was used in the prelim- 
inary and final experiments. Three-month-old male animals 
weighing 24-27.5 gm. were fed ad libitum, because fasting, a 
procedure used on rats by some investigators, tended to in- 
crease the mortality rate in mice. 

Partial hepatectomy was performed by a single person to re- 
duce possible variations in technic. The method of Brues, 
Drury, and Brues (4) was followed with slight modifications. 
The left lateral and median lobes were ligated at the base and 
excised under ether anesthesia, with special attention being 
given to tying the ligature at the proper level to avoid obstruc- 
tion of the hepatic portal vein and the bile duct. Hemostats 
were not used. The percentage of total liver tissue removed was 
determined in a preliminary experiment by operating on 29 
male mice by the standard procedure and weighing both the 
excised and remaining portions immediately. Results showed 
that 65 per cent (standard deviation +4) of the total liver was 
removed by partial hepatectomy (Table 1). Thus, the weight 
of the excised portion gives an indication of total liver weight. 
In the final experiments only those animals with an excised 
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liver weight of more than 0.84 gm. were used, with a range in 
weight from 0.84 to 1.00 gm. in 90 per cent of the animals. This 
was done to select a reasonably uniform group of experimental 
animals. 

After partial hepatectomy, changes in body weight were 
followed as an indication of postoperative health. Regenerating 
livers were selected from animals showing the least body weight 
loss soon after hepatectomy and a steady gain in weight in later 
stages. The residual lobes were always removed between 9:00 
and 10:30 a.m., and all analyses made on individual animals. 
For microscopic studies pieces of tissue were collected immedi- 
ately from the posterior lobule of the right lateral lobe for 
freezing-drying (16) and chemical fixation. The remainder of 
the right lateral lobe and caudate lobe was used for biochemical 
analyses. Desoxyribonucleic acid, nitrogen, and other chemical 
constituents were determined by the methods previously de- 
scribed (19). 

Observations were made on the regenerating liver at the fol- 
lowing intervals after partial hepatectomy: 3, 1, 2, 3, 4, 5, 6, 7, 
8, 10, 14, 21, 28, 38-45 days, and 2, 4, and 6 months. Six to nine 
animals were used in each group, except after 45 days when 
four to five animals were examined. Two types of control mate- 
rial were used: (a) livers from normal healthy males of 3 months 
(ten animals), 5 months (four animals), and 9 months (five 
animals) for comparison with early and late stages of restora- 
tion after partial hepatectomy; and (b) for some animals, the 
excised portions were analyzed to serve as their own controls. 

A brief study was made comparing the two methods avail- 
able for obtaining nuclear counts: (a) that of counting the 
nuclei from microscopic sections (4); and (6) using a diluted 
sample of the fresh homogenate in a counting chamber (12). 
The former method proved to be extremely tedious and time- 
consuming, with more possible sources of error than the latter. 
The counts from sections were usually slightly higher than 
those obtained from fresh homogenates. The latter method was 
adopted for our experiments. A homogenate was prepared for 
each liver in an all-glass homogenizer (Scientific Glass Appa- 
ratus Co.) with 9 ml. of slightly alkaline 0.85 per cent sodium 
chloride solution per gram of tissue for quantitative chemical 
analyses. For counting purposes, 1 ml. of this sample was dilut- 
ed further with 19 ml. of saline. This was mixed with an equal 
part of a staining solution, which consisted of 80 mg. crystal 
violet in 100 ml. of 6 per cent acetic acid. Nuclei can be distin- 
guished readily with this staining mixture. 

Samples were agitated on a variable speed shaker (Eberbach 
& Sons) and counted within 2 hours after preparation. Repeat- 
ed counts made at intervals within this period showed no 
change. In comparing different dyes at various concentrations 
it was observed that homogenates prepared with saline gave 
distinctly darker staining reactions than those with 0.88 M 
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Counts were made with the hemocytometer, using five 
1-mm. squares from two chambers. The original counts in this 
volume of fluid (1 c. mm. in the ten squares) ranged from 275 
to 600 nuclei, the lower figures for some of the regenerating 
livers and the higher numbers for control livers. Each sample 
was counted by two persons whose average was accepted when 
their individual results were within 5 per cent of each other’s 
counts. When not in agreement, the counts were repeated until 
agreement was obtained. Nuclei belonging to all types of cells 


TABLE 1 


QUANTITATIVE RELATIONSHIP BETWEEN LIVER 
AND BODY WEIGHTS AND NUMBER 


OF NUCLEI 
Liver Percentage 
weight liver/body No. nuclei 
(gm.) weight per gm. X1076 
Regenerating liver: 
3 day 0.67 2.7(2.5-2.8) 146 (110-163) 
1 ¢ 0.70 3.0(2.7-3.6) 156 (149-165) 
2 days 0.81 3.5(2.8-4.1) 128 (116-138) 
3 « 0.89 3.9(2.8-4.6) 137 (109-154) 
1.08 4.7(3.6-5.5) 133 (112-163) 
5 « 1.12 4.9(3.8-5.9)  144( 87-294) 
6 “ 1.23 5.4(5.0-5.8) 147 (107-165) 
_ ioe 1.20 5.1(3.5-5.9) 156 (134-189) 
1.43 6.4(5.3-7.5) 126 (116-134) 
10 “ 1.38 5.8(4.4-7.4) 148 (132-167) 
14 “ 1.56 6.3 (4.6-7.6) 133 (112-146) 
1.46 5.7(4.7-6.8) 147 (123-162) 
98 “ 1.55 6.0(4.8-9.0) 176 (150-198) 
38-45 “ 1.54 5.5(4.5-7.8) 172 (141-195) 
2 months 1.38 5.2(4.7-6.4) 166 (142-216) 
+ 1.28 4.3 (4.1-4.6) 219 (186-258) 
6 1.75 5.6(4.8-6.6) 171 (155-195) 
Controls: 
Before hepatec- 1.43 5.5 (4.1-6.2) 
tomy 
After hepatectomy 0.50 2.0 (1.42.5) 
Normal controls 1.45 5.4(4.9-5.9) 215 (204-231) 
3-mo. males 
Normal controls 1.49 5.5(4.5-7.3) 174 (159-192) 
5-mo. males 
Normal controls 1.40 5.1(4.5-5.8) 213 (192-237) 


9-mo. males 


(parenchymal, blood, smooth muscle, connective tissue, bile 
duct, Kupffer cells, and macrophages) were included, since they 
contribute to the quantitative values of desoxyribonucleic 
acid. 

Tissues fixed in Zenker-acetic fluid were cut at 4 yu after 
paraffin imbedding. These were stained with hematoxylin-eosin 
for histological observations. Material from control animals as 
well as the excised control and regenerated portions was ex- 
amined. 

The percentage of parenchymal cells in mitotic division was 
determined as described in the following paper (22). The per- 
centages of binucleate parenchymal cells and other cellular ele- 
ments in the liver tissue were obtained at the same time the 
mitotic counts were made. Results from the 4-y sections com- 
pared favorably with those taken from 12-y sections, except 
for slight discrepancies in instances where the liver cells were 
much enlarged, as in some regenerating livers. Here, as expect- 
ed, the relative number of parenchymal nuclei tends to be high- 
er in the thinner section. Since it was not feasible to make sepa- 
rate counts from 12-y sections for the entire experiment, all 
counts to be reported were obtained from 4-y sections. No 
correction factor for section thickness was introduced in calcu- 
lations of percentages. 


OBSERVATIONS 


Partial extirpation of the mouse liver results in 
a rapid growth of the remaining lobes in a manner 
similar to those of other rodents. Although an 
effort was made to control many variable factors, 
mice do not respond to partial hepatectomy in an 
entirely uniform manner with respect to any of the 
criteria observed. Although some attempt will be 
made to indicate the degree of individual variation 
in some of the data, generally the mean group 
trends will be discussed. Changes in body weight, 
liver weight and cell population, and some of the 
chemical results will be presented here. Further 
information on biochemical, histochemical, and 
quantitative cytological studies will appear in sub- 
sequent papers (20, 22, 23). 

Liver and body weight changes.—Following par- 
tial hepatectomy there is a loss in body weight ex- 
ceeding the immediate loss of 3.6 per cent due to 
removal of the two lobes of liver. On the first day 
the average body weight drops to 8 per cent below 
that immediately after hepatectomy, with little 
change through the tenth day. Although a few 
animals begin gaining weight on the fourth day, it 
is not until the fourteenth day that the average 
weight shows an increase. A steady gain in weight 
is observed thereafter, and complete recovery to 
the pre-operative range occurs at 21 days. 

The right lateral and caudate lobes show a rapid 
increase in weight soon after hepatectomy, so that 
the original total liver weight is regained by the 
eighth day (Table 1). This quick growth, coupled 
with a loss in body weight during this period of 
early regeneration, tends to bring the percentage 
of liver to body weight back within the normal 
range much sooner than if the body weight were to 
remain normal. The largest gain of 26 per cent in 
this ratio occurs during the first 18 hours; by the 
end of the first day there is an increase of 33 per 
cent over that of the hepatectqmized controls. The 
normal pre-operative ratio is restored as early as 
the fourth day in some animals, but the average 
ratio is not back to normal until the sixth day. 
Since the increase in weight of the liver remnants 
continues while the restoration of the body weight 
lags, the ratio is higher than normal between the 
eighth and 28th days. 

Much of the early gain in liver weight is due to 
mobilization of lipids into parenchymal cells and 
increase of fluid in the liver as evidenced by histo- 
chemical and chemical observations. The total ni- 
trogen and desoxyribonucleic acid content in- 
creases only slightly during the first day when 
synthesis is presumably not occurring at a fast 
rate. Restoration of these constituents progresses 
rapidly from the second to the eighth day, their 
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curves paralleling that of liver weight (Chart 1). 
The second day must necessarily be the period of 
most active premitotic synthesis of substances con- 
cerned in the duplication of chromosomes and pro- 
duction of daughter cells as will be discussed be- 
low. 

Changes in number of nuclei.—The number of 
cells begins to increase slowly from the second day 
when some individuals first show increased mitotic 
activity. A peak in mitotic activity of parenchymal 
cells is reached on the third day, at which time an 
average of 6.7 per cent of these cells is found to be 


in some stage of mitosis (22). A noticeable increase 


in the number of cells is therefore expected to occur 
on the fourth day. Actually, the total number of 
nuclei increases from 121 to 145 million (17 per 
cent) between the third and fourth days. This is 
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CHART 1.—Average percentages, as compared to normal 
controls, of total numbers of nuclei, desoxypentosenucleic acid, 
total nitrogen, and weight of liver tissue within groups of mice 
at intervals after partial hepatectomy. 


the largest daily percental increase during the pe- 
riod of early regeneration. The marked increase in 
liver to body weight ratio at this time thus repre- 
sents an actual increase in number and growth of 
cells. After the third day mitotic division declines 
gradually, and by the seventh day rapid prolifera- 
tion is essentially over. Following this, the number 
of cells apparently continues to increase slowly by 
some mitotic activity, which, however, is so low 
that only a few are observed in the size samples 
used. The total number of nuclei reaches 87 per 
cent of the normal value at 28 days after hepatec- 
tomy (Chart 1). At 2, 4, and 6 months, however, 
the numbers are 88, 92, and 101 per cent, respec- 
tively, when compared to control animals of 5 and 
9 months of age. The number of nuclei per gram of 
tissue is low through the 21st day (Table 1), indi- 
cating that the average size of cells in the regener- 
ating liver is somewhat larger than in the controls. 

Mitotic activity of the lining cells and bile duct 
cells occurs particularly during the first several 


days of regeneration, although counts were not 
made for these. Increase of bile duct cells is accom- 
panied by multiplication of the underlying connec- 
tive tissue cells. 

The percentage of parenchymal cell nuclei in the 
liver tissue was obtained from sections at the same 
time that counts were made for mitotic cells. In 
the normal mouse liver an average of only 56 per 
cent of the total nuclei belong to parenchymal 
cells, the remainder belonging to bile duct, 
Kupffer, connective tissue, smooth muscle, and 
mesothelial cells and also to macrophages and 
white blood cells. The percentage of nuclei other 
than those of hepatic parenchymal cells at various 
stages of regeneration are presented in Charts 2 
and 3. The range for each group has also been indi- 
cated. There is an increase of the nonparenchymal 
elements from the third through the 45th day of 
liver restoration. This increase may be due to one 
of three conditions or a combination of all these 
factors: (a) a more rapid proliferation of cells other 
than parenchymal cells, (6) a decrease in the num- 
ber of parenchymal cells due to some focal necro- 
sis, and (c) an infiltration of leukocytes and macro- 
phages accompanying focal necrosis. 

The numbers of liver parenchymal nuclei were 
calculated from total nuclear counts, using the per- 
centages of parenchymal nuclei obtained from mi- 
croscopic sections. This revealed that at 7, 14, 21, 
and 28 days of regeneration the liver parenchymal 
nuclei recovered are 48, 54, 58, and 66 per cent, re- 
spectively, of the normal controls. At 6 months the 
number returns to 99 per cent of the original. Cor- 
rection of these numbers for binucleate cells gives 
the total number of liver parenchymal cells recov- 
ered at various intervals. At 7, 14, 21, and 28 days 
the numbers of liver cells are, respectively, 58, 63, 
68, and 76 per cent of the control livers. This rises 
to 95 per cent at 4 months and 114 per cent at 6 
months. These represent relative gains only, since 
the percentages are derived from calculations of 
several sets of data. 

Histological findings.—Individual variations are 
found in control livers as to the amounts of leu- 
kocytic infiltration, glycogen content, and necrotic 
cells. Of the ten normal animals of 3 months, three 
showed slight leukocytic infiltration around the 
portal or central veins. Since the animals were not 
fasted, there were varying degrees of glycogen 
storage, the areas occupied by glycogen in the liv- 
ing cells appearing as unstained areas in hema- 
toxylin-eosin slides. These observations on glyco- 
gen were substantiated by histochemical tests and 
chemical determinations. One control sample con- 
tained a few enlarged nucleoli, which have been 
designated by some authors as nuclear inclusion 
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bodies. The physiological significance of these ab- 
normally enlarged nucleoli has not yet been eluci- 
dated. 

The excised control portion for each animal was 
examined closely for indications that might ex- 
plain the wide individual variations in response 
after partial hepatectomy. In addition to the dif- 
ferences observed above for control animals, this 
survey of excised livers revealed that liver tissue 
from 14 per cent of the animals contained small 
areas of focal necrosis or isolated necrotic cells. 
This observation, however, does not necessarily 
mean that these particular animals were predis- 
posed to develop necrosis in the regenerating por- 
tions. During the first 10 days, focal necrosis was 
evident in only five regenerating livers from eleven 
animals which originally showed necrotic cells, 
either singly or in small groups. Larger numbers 
of regenerating livers showing focal necrosis were 
from animals whose excised portions were normal 
in appearance. 

At 18 hours after partial hepatectomy, some 
livers showed evidence of engorgement and dilata- 
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Cuart 2.—Percentages of mouse liver nuclei that are not in 
hepatic parenchymal cells at intervals during regeneration fol- 
lowing partial hepatectomy. 


tion of the sinusoids and blood vessels as well as 
hemorrhage and thrombi in sinusoids. Some focal 
necrosis was observed principally in the mid-zonal 
areas. The occurrence and extent of these necrotic 
areas varied considerably among individuals. This 
change was followed by some infiltration of leu- 
kocytes. The parenchymal cytoplasm appeared 
vacuolated during the first few days, due to large 
amounts of lipids. These vacuoles stained posi- 


tively for lipids with oil red O in formalin-fixed 
material. 

The occurrence of focal necrosis at 3 and 1 day 
appeared to be due to some difficulty in the vascu- 
lar channels, since there was evidence of engorge- 
ment in larger blood vessels. Following this there 
was a period of repair, so that at 2 days all nine 
animals showed either areas of resorption of necro- 
sis or no involvement. At 3 days, however, one- 
third of all the regenerating livers again contained 
some groups of necrotic cells. The period in which 
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Cuart 3.—Percentages of mouse liver nuclei that are not in 
hepatic parenchymal cells at intervals during regeneration fol- 
lowing partial hepatectomy. 


the largest number of animals showed recent hem- 
orrhage, necrosis, and fibrosis was between the 
fifth and tenth days. Some necrosis was still evi- 
dent at 28 days in two out of six individuals. How- 
ever, at 2, 4, and 6 months this process had ceased 
completely. 

DISCUSSION 


The restoration of mouse liver proceeds at a 
variable rate in different individuals. Apparently, 
the time required for readjustment of the remain- 
ing tissue prior to cell proliferation and actual 
growth depends on physiological factors which are 
difficult to control in these experimental animals. 
Animals in this experiment were selected as to sex, 
age, body weight, weight of excised liver, and also 
on the basis of good postoperative health. Tissues 
were collected within the same time period in the 
morning. These factors did not eliminate the wide 
range in variations of results. Animals which re- 
sponded quickly showed mitotic activity at 48 
hours or earlier, while some showed no mitosis at 
this time. Fasting the animals prior to operation 
would probably not have diminished the varia- 
tions, since Brues and Marble (5), using fasted 
rats, obtained similar variations in mitotic activ- 
ity. It is clear from the present study that the 
length of time elapsed after partial hepatectomy is 
not necessarily indicative of the degree of restora- 
tion occurring in individual livers. Unfortunately 
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a better criterion for different stages of restoration 
could not be used, although attempts were made 
at grouping animals according to the percentage of 


mitotic activity, amounts of desoxypentosenucleic 


acid, protein nitrogen, and other criteria. Using 
mitotic activity as an index of the degree of re- 
generation creates problems in grouping animals 
after the initial stages of proliferation, since mi- 
totic activity continues variably for several days. 

The initial adjustment to the great loss of func- 
tional tissue is that of mobilization of lipids and 
other constituents into the liver with concomitant 
loss in body weight, indicating a heavy drain on 
body reserves. The remarkable increase in lipid 
content during the first 2 days is in agreement 
with histochemical and chemical observations on 
the rat liver after partial hepatectomy (15, 18). 
This increase in lipids is followed by an influx of 
other substances in preparation for synthesis of 
new cells (20). 

The removal of the gall bladder with the median 
lobe at the time of hepatectomy probably causes a 
greater degree of disturbance in the biliary system 
of the mouse than in the rat, which lacks a gall 
bladder. Whether this causes an actual delay in 
regeneration is not known. 

In this experiment the young adult mouse liver 
showed a peak in mitotic activity on the third day 
of regeneration. In rats this has been reported to 
occur at 24 hours (5), at 30 hours (15), and on the 
second and third days (12). A direct comparison 
cannot be made between these different groups of 
animals, since, among other factors, the age of the 
animal affects the rate of regeneration (6, 8, 9). 
There is an earlier and greater restoration of mass 
and number of cells in young animals compared to 
adult and old individuals. There may also be dif- 
ferences in response between different strains of 
the same species. 

The early changes in the first few days are of 
chief interest to investigators concerned with proc- 
esses accompanying rapid proliferation of cells. 
The premitotic influx of various substances, the 
period of synthesis (cell division), and the post- 
mitotic reorganization and synthesis of material 
for normal function occur within a relatively short 
time. A study of this sort, however, is at best one 
that shows an average activity of large numbers of 
cells which are in different stages at any one time. 
At the height of mitotic activity, for example, an 
average of only 6.7 per cent of the parenchymal 
cells was in division, the remainder of cells being 
either in premitotic or postmitotic periods or in a 
normal functional state. 

In terms of liver to body weight ratio, the mouse 
liver is essentially restored to the original mass by 


the sixth day. The original total liver weight, ni- 
trogen, and desoxyribonucleic acid, however, do 
not reach the control levels until the eighth day. 
Presumably, most of the functional cytoplasm is 
restored between the seventh and tenth days. The 
total number of nuclei, on the other hand, is slow 
to recover. There may be several factors which 
affect the number of nuclei obtained. First, it has 
been observed in this study and others (6, 13, 17, 
22) that the number of binucleate cells is reduced 
during regeneration. This indicates mitotic activ- 
ity of binucleate cells which form single metaphase 
plates with production of mononucleate polyploid 
daughter cells (3). Such cell divisions would then 
produce no net increase in the number of nuclei. 
There is ample evidence of increase in polyploid 
nuclei in regenerating livers (17, 21, 22). Second, 
some nuclei of the regenerating livers may have 
been fragmented in the process of homogenization 
and thus not included in the counts. Third, the 
functional tissue may have been restored by means 
of larger cells, without necessarily regaining the 
original number of cells. 

The normal young adult mouse liver contains a 
large percentage of nonparenchymal cells. On the 
basis of nuclear counts on sections, only 56 per 
cent of all the nuclei in the liver tissue belong to 
parenchymal cells, although the volume occupied 
by these cells is 88 per cent (22). Siess and Steg- 
mann (14) reported somewhat similar ratios of 
parenchymal to endothelial cells. Swift (11) re- 
ported that in beef liver the percentage of paren- 
chymal nuclei is higher (70 per cent). Unpublished 
observations in this laboratory show similar re- 
sults for the rat liver. 

The relative as well as absolute number of pa- 
renchymal nuclei is reduced during regeneration, 
with a reciprocal rise in the number of nuclei be- 
longing to nonparenchymal cells. Abercrombie and 
Harkness (1) observed a significant increase of lit- 
toral cells on the seventh day of regeneration in the 
rat liver. 

The occurrence of necrotic cells in normal mouse 
liver has previously been reported by Wilson and 
Leduc (21) and Olitsky and Casals (10). Abnormal 
appearance of liver cell cytoplasm in early regener- 
ating liver has been observed by Price and Laird 
(12), who described cytoplasmic inclusion bodies 
in the rat liver which appeared as early as 6 hours 
after partial hepatectomy and tended to disappear 
at 48 hours. Aterman (2) reported the presence of 
glycogen-free, fat-free vacuoles in rat liver as early 
as 5 minutes after partial hepatectomy. He be- 
lieved that this ““watery vacuolation” after hepa- 
tectomy is identical with that observed in the liver 
in anoxic states. 
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SUMMARY 


Extirpation of 65 per cent of the mouse liver 
results in rapid growth of the remaining lobes, so 
that the original mass, in terms of percentage of 
liver to body weight, is essentially restored by the 
sixth day. However, the original total liver weight, 
nitrogen, and desoxyribonucleic acid are not com- 
pletely recovered until the eighth day. The total 
number of nuclei increases more slowly and 
reaches 87 per cent of the normal value at 28 days 
after hepatectomy. 

Parenchymal nuclei comprise only 56 per cent of 
the total nuclei of normal mouse liver, the re- 
mainder belonging to bile duct, Kupffer, connec- 
tive tissue, smooth muscle, and mesothelial cells 
and also to macrophages and leukocytes. These 
nonparenchymal elements are increased between 
the third and 45th days of regeneration. 

Substantial individual variation is observed in 
the response of mice to partial hepatectomy. The 
time interval after operation is not a satisfactory, 
uniform criterion of the degree of restoration of the 
liver remnant in individual mice. 
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Cytological Changes in Regenerating Mouse Liver" 


Marearet E. Witson,f Rosert E. Hisako O. Yokoyama,t 
AND KENNETH K. Tsusor§ 


(Department of Pathology and Oncology, University of Kansas Medical School, Kansas City 12, Kansas) 


Fundamental to the understanding and inter- 
pretation of histochemical and chemical changes 
in the liver following partial hepatectomy (18, 21) 
is a knowledge of the behavior of the cells during 
the process of restoration or regeneration. Some of 
the changes in the liver of various species including 
rats, following extirpation of two-thirds of the 
liver, have been described (3, 7, 9, 15, 17). The 
present study concerns the cytological changes in 
the livers of mice subjected to partial hepatec- 
tomy. Details concerning the mice and the method 
of operation have been given in the preceding 


paper (22). 


MATERIALS AND METHODS 


For the studies to be described in this paper, pieces of the 
right lateral lobe were fixed in Zenker-acetic fluid. After routine 
dehydration and imbedding in 56°-58° tissue mat, tissues were 
sectioned at 4 yu. Slides of each tissue were stained with hema- 
toxylin and eosin, Feulgen reaction (14), and Heidenhain’s azo- 
carmine connective tissue stain. 

Chalkley ratio methods (5) were employed for quantitative 
study of the liver tissue. Categories studied were liver cell 
nuclei, liver cell cytoplasm, and other elements (which included 
vascular space and all cellular and extracellular material other 
than liver parenchymal cells). From these data it was possible 
to determine what percentage of the volume of an idealized 
average liver cell was comprised of nuclear and cytoplasmic 
material. In addition, the proportion of liver tissue that was not 
actual parenchymal cells was obtained. Measurements were 
carried out by two observers, and the final data represent the 
averages of individual results on over 1,000 hits. 

Nuclear and nucleolar diameters were measured with a filar 
ocular micrometer and the respective volumes calculated. Feul- 
gen-stained sections were examined with light filtered with a 
Wratten No. 58 green filter to give sharper definition of the nu- 
clear membrane and nucleolar-associated chromatin. The di- 
ameters of the nuclei were measured by moving the filar microm- 
eter thread across the nucleus, including the nuclear membrane 
at both sides. The nucleoli were measured by placing the mi- 
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crometer thread on the inner surface of the nucleolar-associated 
chromatin; it was desirable to measure only the nucleolus itself, 
excluding any chromatin. Volumes were calculated by assum- 
ing that the structures measured were spherical. The nucleolar 
volumes can be expressed in two ways: (a) average nucleolar 
volume, based on individual nucleoli; (b) average total nucleo- 
lar volume per nucleus, based on the sum of the volumes of the 
nucleoli in a single nucleus. Since there was some variation in 
the number of nucleoli per nucleus, it was felt that the second 
method of expressing nucleolar volume was preferable. Nuclear 
measurements were made by two observers; the final mean 
values were based on 100-200 nuclei. Nucleolar measurements 
were done by one observer; the mean volumes were based on 
measurements of all the nucleoli in at least 50 nuclei, with a 
minimum of 100 nucleoli being measured. 

The incidence of mitotic activity, the percentage of liver 
cells that were binucleate, and the percentage of nuclei in the 
liver that were not parenchymal nuclei were counted. All the 
cells in the microscopic field were counted with an oil immer- 
sion objective and classified as to type, according to the major 
categories of parenchymal and nonparenchymal cell. Paren- 
chymal cells were further classified as to whether or not they 
were binucleate, or dividing by mitosis. This was done for nu- 
merous fields, with random sampling of one or more sections, 
until a total of over 1,000 cells were counted. At least 500-600 
liver cells were included in counts for each tissue. The data on 
nonparenchymal cells are presented in another paper (22). 


OBSERVATIONS AND DISCUSSION 


Mitotic activity.—The occurrence of mitotic cell 
division is one of the chief indices of liver restora- 
tion in terms of cell reproduction. Chart 1 sum- 
marizes the data on mitotic activity. The increase 
in mitotic activity begins at a variable rate in dif- 
ferent animals. As early as 24 hours after partial 
hepatectomy one animal showed a low rate of 
mitotic activity. Even on the second day, however, 
two out of five tissues contained no mitotic figures. 
By the third day regeneration had started in all 
animals, and, in addition, the highest values were 
found at this time. Mitotic figures continued to be 
found in all animals, with a tendency to decrease 
in frequency, until the seventh day. The mitotic 
activity of regenerating liver measured at subse- 
quent intervals of 3, 4, and 6 weeks and 2, 4, and 6 
months was from 0 to 2 per cent and within the 
range of the livers at 14 days’ regeneration. Appar- 
ently, in most cases the acute response of regenera- 
tion had terminated by the seventh day; four out 
of eight animals showed no mitotic activity, and in 
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three other animals less than 1 per cent of the liver 
cells were in mitosis. Only one 7-day animal had an 
appreciable number of mitotic cells—over 4 per 
cent. It is of interest that the inclusion of this ex- 
ceptional tissue in the group raises the mean 
mitotic activity to 0.7 per cent, as shown in 
Chart 1. 

As described previously (22), this initial phase 
of recovery from partial hepatectomy is followed 
by a period of several weeks in which variable 
amounts of focal necrosis and associated leuko- 
cytic infiltration are observed. Evidently, the focal 


PERCENTAGE 


---------% 


Cart 1.—Percentage of mouse liver cells in mitosis at in- 
tervals during regeneration. Dotted lines show change pro- 
duced by one exceptional animal of eight in the 7-day group. 


necrosis is severe enough to call forth secondary 
regenerative activity. It is felt that the exceptional 
7-day animal just described, with the high mitotic 
activity, should fall within this group. 

There is considerable fluctuation in mitotic ac- 
tivity through the fourth month. At all stages, 
however, there are some livers showing little or no 
mitotic activity. Presumably, the tissues with nu- 
merous mitotic figures are in the process of recov- 
ering from recent focal necrosis. The time of oc- 
currence of the necrosis and its degree vary con- 
siderably from animal to animal. Therefore, while 
the curve for mitotic activity for the first 7 days 
may give a picture of the generalized response 
common to all animals, the subsequent activity 
through the fourth month should more properly 
be considered as showing the fluctuations and 
variations among the individual experimental ani- 
mals. Finally, by the sixth month, the livers of 
various animals are again more uniform, and 
mitotic activity is essentially absent; in the livers 


of three animals no mitotic cells were observed, 
and one had 0.1 per cent mitotic cells. 

No data were obtained for mitotic activity in 
cells other than liver parenchyma. Mitotic figures 
were observed, however, in bile duct cells, and in 
other nonparenchymal cells of the liver. 

It is possible to speculate as to some of the fac- 
tors (10, 19) related to the initiation and cessation 
of mitotic division. Among the factors influencing 
the rate of liver regeneration are species, diet, age, 
blood flow through the liver, and degree of partial 
hepatectomy. As has been reported previously 
(22), in mice the liver weight to body weight ratio 
falls immediately after the operation, due to the 
removal of two-thirds of the liver. However the 
ratio rapidly returns to normal, in some cases as 
early as the fourth day after partial hepatectomy. 
The liver itself still weighs less than those of nor- 
mal controls, but the body weight is also lower. 
It seems suggestive that it is also on the fourth day 
that the mitotic activity starts to fall off. Perhaps 
one of the factors initiating liver regeneration is 
associated with the reduction in this ratio, which 
would represent a decrease in the amount of func- 
tional liver tissue relative to the body it serves. 
Furthermore, a return to normal of this ratio may 
play a part in stopping the rapid regeneration 
process. 

Binucleate liver cells apparently undertook mi- 
totic division as readily as mononucleate cells. 
Table 1 gives data on individual liver tissues that 


TABLE 1 


RELATIVE FREQUENCY OF BINUCLEATE LIVER 
CELLS AND BINUCLEATE PROPHASES 


REGENERA- PER CENT BINU- 

ATION CLEATE CELLS No. PRO- 
STAGE All liver Pro- PHASES 
(pays) Mouse cells phases COUNTED 

Q 1 22 38 21 

2 25 26 54 

3 22 42 12 

$ 1 6 22 62 

g 8 35 19 

3 18 33 6 

4 3 15 20 

5 6 9 ll 


substantiate this observation. Although the num- 
ber of prophase cells counted was not so large as 
desirable for statistical validity, for convenience in 
comparison the results are expressed in percent- 
ages. The proportion of binucleate cells in pro- 
phase is comparable to the proportion of all liver 
cells that are binucleate. In fact, in many cases it 
appears that there may be an even greater propor- 
tion of binucleate cells undergoing mitotic divi- 
sion. Binucleate cell division will be discussed 
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further with other problems concerning the bi- 
nucleate cells. 

Marshak and Byron (11) found that the per- 
centage of cells in mitosis increased from 0.03 to 
0.37, 0.47, and 0.27 on the first, second, and third 
day of rat liver regeneration. Brues and Marble 
(4) found an increase from less than 0.001 per cent 
to 2.1 per cent mitotic cells at 24 hours with a de- 
cline towards normal during the next 2 days. 
Stowell (15) found the peak of mitotic activity at 
30 hours of regeneration. Abercrombie and Hark- 
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Cuart 2.—Percentage of binucleate liver cells at intervals 
during regeneration. 


ness (1, 8) reported that the distribution of mitosis 
is similar in various lobes of the liver, although it 
may vary from one part of the liver lobule to an- 
other, and noted the incidence of mitoses in dif- 
ferent types of cells in the rat liver at various 
stages of rat liver regeneration. They found that 
the greatest mitotic activity was represented by 
2.87 per cent of the parenchymal cells at 1 day, 
and by 0.93 per cent of the littoral cells and 0.59 
per cent of the bile duct epithelial cells on the sec- 
ond day of regeneration. The variations in results 
of different authors may be caused by the intervals 
at which counts were done, stages of mitosis in- 
cluded, as well as all the factors affecting the rate 
of regeneration, including age, species, diet, per- 
centage of liver removed and general health of the 
animals. The regenerating mouse liver in these 
experiments showed a maximal mitotic activity on 
the third day (Chart 1). 

Binucleate liver cells.—The data on frequency of 
binucleate cells represent the proportion of liver 
cells in 4-y sections observed to contain two nu- 
clei. These figures are low, for there was no correc- 


tion to account for the error arising from not ob- 
serving the nuclei in cells present in the plane ver- 
tical to the two dimensions principally seen in the 
4-u section. Although such errors (12, 13) would 
vary if there were substantial differences in the 
mean nuclear percentage of cells of different liver 
specimens, the data on binucleate liver cell counts 
are considered satisfactory for this comparison. 

The proportion of liver cells that contain two 
nuclei in the early stages of regeneration is shown 
in Chart 2. Cells were observed containing three or 
more nuclei, but they were too infrequent to give 
reliable statistics and therefore were not included 
in the data. The two vertical lines near the left 
margin in Chart 2 show separately the distribution 
of counts in a group of ten and a second group of 
four control animals, which fall within the same 
range. There is a striking drop in the relative num- 
ber of binucleate liver cells on the third day. The 
lowest range is found on the sixth day. There is an 
evident tendency toward restoration of normal 
values as early as the seventh day. The period of 
focal necrosis and infiltration already mentioned 
appears to interrupt the trend. However, occa- 
sional animals at regenerative stages of 1 and 2 
months fall near the normal range, and almost all 
animals at the 3-, 4-, and 6-week and 2-, 4-, and 
6-month stages are definitely over the range of the 
6-day animals. 

Because of its timing, it seemed highly probable 
that this decrease in number of binucleate cells is 
related to mitotic activity. As has already been 
shown (Table 1) the binucleate cells divide readily. 


TABLE 2 


PRODUCTION OF BINUCLEATE 
CELLS BY MITOSIS 


REGENERA- PER CENT BINU- 
TION CLEATE CELLS No. TELO- 
STAGE All liver Telo- PHASES 
(days) MovuseE cells phases COUNTED 
Q 1 22 0 9 
2 22 0 3 
3 1 6 12 74 
g 8 12 33 
3 18 63 11 
4 9 14 7 
5 6 25 16 
6 3 0 35 


However, apparently a large proportion of these 
binucleate mitotic divisions produce polyploid 
mononucleate cells, for the proportion of binu- 
cleate telophases is low in most tissues. Table 2 
gives data from individual animals that demon- 
strate this relationship. As in Table 1, the data on 
the percentage of telophases that are binucleate 
are also unreliable because of the small sample 
size; but the data reveal some idea of the order of 
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magnitude. It can be seen that, with one excep- 
tion, the proportion of telophases that are bi- 
nucleate is not high enough to maintain the con- 
trol value of 28 per cent binucleate liver cells. In 
some cases the proportion of binucleate telophases 
is not even great enough to maintain the lower 
proportion of binucleate cells found in these tis- 
sues. There is one exceptional animal in the 3-day 
group which has an unusually high percentage of 
binucleate telophases. Since, however, it also has a 
much higher proportion of binucleate liver cells 
than in other livers at this stage, the exceptional 
animal substantiates the theory of the relationship 
between mitotic activity and reduction in numbers 
of binucleate cells. For some reason, the cells in 
this tissue were less able to carry through com- 
plete typical mitotic divisions; nuclear division is 
complete, but cytoplasmic division is not achieved. 
In general, it was found that, during the period of 
mitotic activity, tissues with unusually high num- 
bers of binucleate cells also contained numerous 
binucleate telophases. 

It is difficult to be certain of the explanation for 
the apparent increase in relative number of bi- 
nucleate cells that occurs after the period of major 
mitotic activity is passed. The following observa- 
tions, however, are relevant. During the period of 
greatest mitotic activity, and shortly thereafter, 
numerous bizarre, constricted nuclei are seen. 
They are undoubtedly the result of abortive, 
atypical mitotic divisions. They are found much 
less frequently in later recovered stages. It seems 
possible that the constrictions of such nuclei may 
break through and the resultant nuclear parts may 
undergo subsequent rounding; surface tension 
alone could account for this. Such regulation would 
result in cells with two or, less often, more nuclei. 
Furthermore, it is possible that as the stimulus to 
mitotic division decreases the number of cells able 
to carry through division to a successful comple- 
tion may decrease. 

St. Aubin and Bucher (13) found that the per- 
centage of binucleate cells in regenerating rat liver 
dropped from 25 to 11 per cent by the third day 
and remained in the range of 8-11 per cent until 
the fourteenth day. Sulkin (17), using a technic 
similar to that employed in the present study, found 
11.7 per cent binucleate cells in control rats and 4.95 
per cent after 28 days’ regeneration. The present 
data cannot be compared directly to those of the 
previous studies because of the different species 
studied. However, it is evident that there is a strik- 
ing and relatively greater decrease in the propor- 
tion of binucleate cells in the mouse as compared 
to that in the rat. The data demonstrate the rela- 
tionship of this decrease to mitotic activity of 


binucleate liver cells as well as the tendency to 
return toward normal values subsequent to the 
period of rapid proliferation. 

Chalkley ratio data.—The results of Chalkley 
ratio measurements are given in Table 3. Only the 
percentage of the liver cell that is nuclear material 
is included; the value for cytoplasm is simply the 
difference between the relative nuclear volume and 
100 per cent. 

The changes in quantitative relationships in the 
liver parenchymal cell are fairly clear-cut during 


TABLE 3 


CHALKLEY RATIO MEASUREMENTS ON 
REGENERATING MOUSE LIVER 


PER CENT OF LIVER PER CENT OF LIVER 


REGENEB- CELL THAT IS THAT IS NOT 
ATION NUCLEAR MATERIAL PARENCHYMA 
STAGE Mean Range Mean Range 

Control 7.0— 8.9 12.5 11.5-13.1 

18 hours 8.5 7.7-— 8.9 15.1 13 .4-17.0 
1 day 7.3 6.4-— 7.7 14.0 13.0-15.2 
8.3 7.2- 8.7 14.7 10.3—-18.6 
8.8 8.0-10.5 18.0 14.1-23.2 
4 “ 9.9 9.0-10.7 19.4 17.7-21.1 
* 9.8 9.0-10.3 20.9 19.8—22.0 
8.8 8.2— 9.4 20.9 18.5—-23 .6 
8.6 7.5- 9.6 18.5 14.7-—22.0 
gs “ 8.4 6.9-10.7 23 15.5-31.9 

8.4 6.3— 9.5 19.6 16.0—23 .9 

8.1 6.6-10.2 17.6 12.1-—28.0 

8.7 7.7- 9.3 16.4 14.4-18.0 

“ 8.5 7.3-— 9.8 19.5 14.6—-27.1 
6 weeks 8.0 7.2- 8.8 15.2 12.3—20.2 
2 months 8.9 8.1-10.0 17.1 13 .6—21 .6 
> * 8.2 7.6— 9.3 15.6 13 .6—-18.6 
7.8 7.4- 8.0 14.3 12.0-16.6 


the period of rapid restoration, through the sev- 
enth day. For the first 3 days the proportion of the 
cell that is nuclear material is essentially un- 
changed; all tissues, with one exception at 1 day, 
fall within the control range, although the mean 
does vary. Beginning the third day, the percentage 
of the liver cell that is nuclear material increases, 
and it is in all cases above the control range on the 
fourth and fifth days. On the sixth and seventh 
days there is a return toward normal. It is evident 
that the values eventually fall within the normal 
range, except in a few individuals. These data, 
which are relative, will be discussed later with 
those concerning absolute volume changes of liver 
nuclei and cytoplasm. 

There is an immediate rise in the proportion of 
the liver tissue that is not liver parenchymal cells. 
The initial rise in such elements may represent 
primarily vascular dilation and increased extra- 
cellular fluid. After the seventh day, high values 
may be accounted for by the areas of focal necrosis 
(which were classed as other elements rather than 
as liver cells) and the associated inflammatory 
cells and fibrosis. Apparently, even the recovered 
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livers do not return to control values. Since, how- 
ever, as has been previously shown (22), the pro- 
portion of nonparenchymal cells does return to 
normal, the slightly higher amounts of nonparen- 
chymal material in restored livers may be from 
noncellular connective tissue elements. 

Changes in liver cell volume.—The nuclear and 
nucleolar volumes were measured directly, as al- 
ready described. The mean cytoplasmic volumes 
are derived data; since the mean nuclear volume is 
known, and also the proportion of the cell that is 
nuclear and cytoplasmic material has been deter- 
mined by the Chalkley ratio method (5), it is pos- 
sible to calculate the volume of cytoplasm. The 


served, but it is evident that there is a trend to- 
ward normal values at later stages. 

The meaning of these volume changes is not 
clear. At least some of the increased volume may 
be related to increased fluid content. Also, it is pos- 
sible that early prophases were unintentionally 
measured, although an effort was made to measure 
only intermitotic nuclei. The extremely large mean 
nuclear volumes found in occasional tissues may be 
associated with abnormal states, although those 
tissues did not necessarily show the most necrosis 
or infiltration. The fact that apparently the mean 
volume does not return to the control values prob- 
ably reflects an increase in incidence of polyploid 


TABLE 4 


VOLUME CHANGES IN LIVER CELL CONSTITUENTS IN CUBIC MICRONS 
AT INTERVALS DURING REGENERATION 


REGENERA- NUCLEAR CYTOPLASMIC TOTAL NUCLEOLAR VOL- 
TION VOLUME - VOLUME UME PER NUCLEUS 
STAGE Mean Range Mean Range Mean Range 
Control 297 214-357 3,592 2,716—4,492 0.92 0.8-1.1 
18 hours 430 352-537 4,745 3, 644-6 , 433 1.60 1.4-1.8 
1 day 289 202-347 3,641 2,958-—4, 163 1.10 1.0-1.3 
2 days 374 219-577 4,132 2 , 452-6 ,053 1.06 0.6-—1.4 
402 353-446 4, 266 3, 804-4, 683 1.08 0.7-1.6 
435 385-474 3,991 3 ,355—4, 481 1.15 0.9-1.6 
* 497 444-571 4,573 3,909-—5 , 258 1.93 1.4-3.1 
459 396-516 4,727 3, 860—5 , 554 1.27 0.8-1.5 
456 378-584 4,554 4,041-—5 ,328 1.21 0.8-1.9 
486 388-606 5,192 4, 522-6 , 541 1.35 1.1-1.9 
427 342-471 4,746 4 ,276—5 ,088 1.66 1.0-2.6 
14 * 552 478-662 6,690 4,302-9 ,368 2.03 0.8-3.5 
528 410-660 5,590 3,999-—7 ,911 1.15 0.9-1.6 
98 445 384-553 4,875 3 ,608—5 , 957 1.45 0.8-2.5 
6 weeks 397 322-517 4,647 3, 558-6 , 756 1.04 0.7-1.6— 
2 months 381 296—428 3,961 2 ,664—4, 595 0.98 0.7-1.2 
388 277-518 4,452 2 , 702-6 , 302 0.92 0.8-1.0 


average cell volume can be determined by adding 
the nuclear and cytoplasmic volumes. There are 
several sources of error in this calculation, which 
are discussed in other papers (15, 16, 20); it is felt 
that they are reasonably constant and that, there- 
fore, the data can be used for comparative pur- 
poses. The results are calculated in cubic microns 
for the fixed tissues, and the relationship of the 
fixed to living cell volumes is presumed to be rea- 
sonably proportional. The data are shown in 
Table 4. 

There is a striking initial increase in nuclear vol- 
ume at 18 hours, with a return to control values at 
1 day. This increase is also observed in nucleolar 
and cytoplasmic volume and probably reflects a 
generalized response such as fluid intake. The nu- 
clear volume subsequently shows a consistent in- 
crease, reaching a maximum at 5 days. There is a 
tendency to decrease on the sixth and seventh 
days. In some of the tissues showing focal necrosis, 
extremely high mean nuclear volumes were ob- 


nuclei. Although no special study was made of 
such nuclei, it is certain that they must have been 
produced by mitotic division of binucleate cells in 
the cases where two mononucleate daughter cells 
were produced. 

The data on cytoplasmic volume and cell vol- 
ume show essentially the same changes, since the 
cytoplasm makes up the major part of the cell vol- 
ume; the influence of changes in nuclear volume on 
cell volume, therefore, are slight. Only the data 
concerning the cytoplasmic volume are recorded 
here. There is an initial transient increase, com- 
parable to that just described for the nuclei. Al- 
though the mean values increase slightly through 
the fourth day, only two of the animals are outside 
of the control range. The amount of cytoplasm is 
definitely increased, however, from the fifth day 
through the eighth day. Again, there is great varia- 
tion among the animals after the eighth day. At 
later stages there is a return toward normal. 

As in the case of the nuclear volume changes, 
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interpretation is not easy. It is possible that the 
slight increase in cytoplasmic volume through the 
fourth day (the period of maximum cell division) 
represents fluid uptake. In fact, since the nuclear 
percentage increases it is possible that there is ac- 
tually less functional cytoplasm present during 
this period. This would be expected, since in the 
case of rapidly dividing cells the synthesis of new 
cytoplasm frequently does not keep pace with the 
nuclear reduplication. There is a definite increase 
in cytoplasmic volume in the tissues from 5 to 7 
days, after cell division is slowing up; this substan- 
tiates the above interpretations. The extreme val- 
ues in later stages appear to be abnormal; even- 
tually there is a clear-cut trend toward control 
values. 

The nucleolar volume also undergoes an initial 
increase. The subsequent decrease at 1 day is not 
quite back to normal, and there is little change 
through the fourth day. Since the nucleolar vol- 
ume remains essentially unchanged during the 
period of maximum mitotic activity and is only 
slightly above normal, it seems probable that in- 
creased fluid content is one of the chief factors in- 
volved, rather than any more active functional 
process. The increase in mean volume at 5 days is 
striking. In the light of other investigations (15, 
22) this increase in size may be associated with 
synthetic activities required for the production of 
increased amounts of functional cytoplasm al- 
ready assumed to occur after the fourth day. 
There is a return towards normal through the sev- 
enth day. In later stages all tissues appear to have 
normal amounts of nucleolar material. 

Ferreira (6) and Abercrombie and Harkness (1) 
found the nuclear volumes largest (170 per cent) at 
the second day of regeneration in rat liver, while 
Stowell (15), using younger animals, found the 
greatest volume at 24 hours (217 per cent) as com- 
pared to controls. In the mouse there was no single 
peak of nuclear volume increase, although the 
mean volumes were 145, 186, and 130 per cent of 
control volumes at 2 day, 14 days, and 4 months, 
respectively. In the regenerating rat liver, Stowell 
(15) found that the mean nucleolar volume per 
nucleus had increased nearly 4 times by 24 hours, 
while the comparable data for the mice showed a 
mean volume of 174 per cent at = day and 221 per 
cent at 14 days’ regeneration, again illustrating the 
greater variability of the data in the mouse. In- 
crease in cytoplasmic volume in regenerating rat 
liver (15) went to 258 and 239 per cent at 18 and 24 
hours, as compared to 132 per cent at 18 hours and 
187 per cent at 14 days in the mouse. The increase 
in hepatic parenchymal cell constituents is more 


erratic and less dramatic in the mouse than in the 
rat. 


SUMMARY AND CONCLUSIONS 

Cytological studies of the liver of the mouse fol- 
lowing partial hepatectomy suggest that the re- 
covery period should be divided into two phases. 
First, there is a stage of rapid restoration of liver 
cells, essentially complete by the seventh day. 
Then there follows a period of about a month in 
which occur varying amounts of secondary regen- 
erative activity, in many instances associated with 
focal necrosis. There is an impressively successful 
recovery in almost all instances. Apparently the 
focal necrosis delays but does not prevent this final 
recovery. 

Mitotic activity starts by the second day of re- 
generation and reaches a maximum on the third 
day. By the seventh day rapid cell multiplication 
is essentially completed. Mitotic activity is re- 
newed sporadically when focal necrosis is present 
and replaces the cells lost. In the fully recovered 
livers no measurable mitotic activity is found. 

The number of binucleate liver cells decreases 
abruptly on the third day. This is demonstrated to 
be related to mitotic activity as follows: (a) bi- 
nucleate cells divide as readily as do the mono- 
nucleate cells; but (5) relatively few of the mitotic 
divisions produce binucleate cells. Therefore, bi- 
nucleate cells are lost, by mitotic division, at a 
greater rate than they are formed. There is an in- 
crease in binucleate cells following the cessation of 
mitotic activity. Possible reasons for this are dis- 
cussed. 

The liver parenchymal cells are larger than nor- 
mal during the period of greatest mitotic activity. 
This increase in size may be related to an increased 
water content of the cells, for the volume of both 
nuclei and cytoplasm is greater. From the fifth to 
seventh days, when the nuclear volume decreases, 
the cytoplasmic volume is even greater. Since the 
nucleolar volume increases strikingly on the fifth 
day, it is suggested that this is the time of major 
synthesis of new hepatic parenchymal cell cyto- 
plasm. It is also at this time that the nucleo-cyto- 
plasmic ratio begins to return to normal. 
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On the Enhancement of the Carcinogenicity of 
4-Dimethylaminoazobenzene 


by Fluoro-Substitution” 
J. A. E. C. MILuer, G. C. FINGER 


(McArdle Memorial Laboratory, Medical School, University of Wisconsin, Madison, Wis., and the Division of 
Fluorine Chemistry, Illinois State Geological Survey, Urbana, IIl.) 2 


The small size of the fluorine atom and the 
strong bond it forms with carbon have led us to use 
this element in assessing the importance of the ring 
positions of 4-dimethylaminoazobenzene (DAB) 
(Chart 1) to its carcinogenic activity towards the 
rat liver. In our initial study (17), the substitution 
of a single fluorine atom in either the 2’, 3’, or 4’ 
positions produced dyes which are more active 
than the parent dye. These results are in strong 


3 


5 66 6 5 


1.—The ring-positions of 4-dimethylaminoazoben- 
zene (DAB). 


contrast to those obtained on substitution of other 
groups which are larger or more easily metabolized 
(12, 13). Furthermore, these data suggested that 
through the use of appropriate fluoro derivatives 
of this dye it might be possible to determine 
whether or not certain ring positions must remain 


- unsubstituted for carcinogenesis to occur. 


We now wish to report on the carcinogenicities 
of several polyfluoro derivatives of DAB involving 
the equivalent positions of the prime ring. As with 
the monofluoro derivatives, all these compounds 
are more active carcinogens than the unsubstituted 
dye. We interpret this to mean that no position on 
the prime ring of this dye is directly concerned in 
the carcinogenic process. These results also sug- 
gest that the effects of systematic fluoro-substitu- 
tion on the potency of other biologically active 
molecules could furnish strong evidence as to 
which positions do or do not contribute directly to 
the activity in question. 


* This investigation was supported in part by grants from 
the National Cancer Institute, U.S. Public Health Service, and 
the Alexander and Margaret Stewart Trust Fund. 
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METHODS 


Preparation of compounds.'\—All the fluoro amines and dyes 
employed in these experiments were prepared in these labora- 
tories. The 2’-, 3’-, and 4’-fluoro derivatives of DAB have al- 
ready been described (17). The other dyes are new, and ana- 
lytical data for these compounds are given in Table 1. All the 


TABLE 1 

ANALYSES ON NEW FLUORO DERIVATIVES OF DAB 

M.-P. Per cent N (Dumas)* 
-DAB (UNCORR.) Found Calculated 

2-Fluoro- 107 .5°-108° 17.24,17.29 17.27 
2’ ,4’-Difluoro- 132°-133° 15.75,15.78 16.09 

Q’ 135 .5°-136° 16.02, 16.11 

3’,5’- 110.5°-111° 15.98, 16.02 
2’ ,6’-Trifluoro- 111°-112° 14.76,14.80 15.05 


* These determinations were made by the Clark Microanalytical Labora- 
tory, 1044 West Main Street, Urbana, IIl. 


dyes were purified by passing 10-20-gm. portions in benzene- 
petroleum ether solution through alumina? columns 3 cm. in 
diameter and 40 cm. in length. Approximately 50 mg. of each 
dye was carefully chromatographed on an alumina column 
under similar conditions prior to analysis for nitrogen. 

2-Fluoro-DAB.—The methylation procedure of Hodgson 
and Nicholson (7) was employed to convert 3-fluoroaniline 
(17, 24) to the tertiary amine. The latter amine was then 
coupled with diazotized aniline (17). A yield of 50 per cent was 
obtained. 

2’,5'-, and 3’,5'-Difluoro-D AB.—These dyes were pre- 
pared by coupling the diazonium salts of the corresponding 
amines with dimethylaniline (17). 2,4-Difluoroaniline (23, 27) 
was diazotized as described previously (17). 2,5-Difluoroani- 
line (26) was diazotized according to the procedure of Saunders 
(22) for the corresponding chloro derivative. 3,5-Difluoroani- 
line was prepared and diazotized by the procedure of Finger e¢ 
al. (5) All the dyes were obtained in yields of approximately 80 
per cent. 

2’ ,4',6’-Trifluoro-D AB.—?2,4,6-Trifluoroaniline was pre- 
pared according to Finger et al. (5). The diazotization of this 
amine and the coupling with dimethylaniline were performed as 
described for the corresponding chloro compound (17, 22).3 A 
yield of 48 per cent was obtained. 


1 We are indebted to Miss Shirley Fraser and Mr. Ralph 
Sapp for aid in the preparation of some of these compounds. 
2 Merck, “‘Suitable for Chromatographic Adsorption.” 


’ The quantity of anhydrous sodium acetate given in (17) 
for the preparation of 2’,4’,6’-trichloro-DAB is in error and 
should be 3 times as great, or 246 gm. 
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Assay procedure.—Young adult male albino rats‘ weighing 
180-200 gm. were housed in screen-bottomed cages in groups of 
5—7, with food and water available ad libitum. All the com- 
pounds were fed in a semisynthetic diet (11, cf. diet 3) consist- 
ing of: crude casein, 12; Vitab rice bran concentrate, 2; salts, 4; 
glucose monohydrate (cerelose), 77; and corn oil, 5. After 
analysis of the casein and Vitab sufficient crystalline riboflavin 
was added to bring the total content of the diet to 2 mg/kg. 
The dyes were dissolved in the corn oil with mild heat. Sodium 
fluoroacetate was added as a glucose triturate to the diets for 
groups 14 and 15 (Table 2). 

Groups of sixteen rats each were fed the dyes for the times 
and at the levels given in Table 2. At the time intervals noted, 
the livers were examined for tumors and for the degree of cir- 
rhosis by laparotomy. The animals were then fed the diet with 


The time of dye feeding was kept short, and the 
level of riboflavin in the diet was held at a moder- 
ately high level so that the tumor incidence in the 
control groups would not be too high and thus 
obscure the high activities expected for most of the 
fluoro dyes. 

Series I is essentially a repetition of earlier ex- 
periments (17) and agrees well with the latter, 
even on the activity of 2’-fluoro-DAB, which again 
proved to be slightly more active than DAB. The 
high activity of the 4’-fluoro derivative has now 
been demonstrated several times (17, 21) and is of 


TABLE 2 
THE CARCINOGENICITIES OF VARIOUS FLUORO DERIVATIVES OF 4-DIMETHYLAMINOAZOBENZENE 
TIME 
COMPOUND INCIDENCE OF LIVER TUMORS* GROSS CIRRNOSIS 
PER CENT WAS FED (Mo.) AT END OF 
Series Group COMPOUND FED ~ IN DIET (mo.) 3 4 5 6 FEEDING COMPOUND 
I 1 DAB 0.054 3 2/15 7/15 none-mild 
Q 2’-Fluoro-DAB 0.059 . 4/13 8/13 mild 
3 * 8/14 12/14 moderate 
4 a’. “ <4 16/25 24/25 “ 
II 5 DAB 0.054 3 2/16 5/16 none-mild 
6 2-Fluoro-DAB 0.059 . 3/15 13/15 mild-moderate 
7 2’ 4’-Difluoro-DAB 0.063 10/16 16/16 moderate-severe 
ITI 8 DAB 0.054 4 3/16 11/16 none-mild 
9 2’ ,5'-Difluoro-DA 0.063 3 9/16 16/16 moderate 
IV 11 DAB 0.0547 3 1/15 6/15 none-mild 
—0.045 
12 2’ ,4’,6’-Trifluoro-DAB 0.0667 5/15 13/15 moderate-severe 
—0.049 
V 13 DAB 0.06 4 2/15 7/15 none-mild 
14 “+ sodium 0. 06+ 3/15 7/15 
flucroacetate 0.002 
15 Sodium 0/16 none 
fluoroacetate 0.002 10 (and at 
10 mos.) 


* No. animals with tumors/number of animals alive at end of dye feeding. 


¢ See assay procedure. 


no dye added for an additional 2 months. At this time they 
were killed for a final tumor count. In Series I-III all the dyes 
were fed at a level of 2.40 mm/kg of diet which is equivalent to 
0.054 per cent DAB. In the cases of 2-fluoro-DAB and 2’,4’-di- 
fluoro-DAB (Series II), the initial weight losses were large, and 
it was necessary to remove the dyes from the diet for 1 week at 
the end of the first and the second months. In each case, how- 
ever, the dye was fed for a total of 3 months. Similarly, in Series 
IV the trifluoro dye proved sufficiently toxic at an initial level 
of 0.066 per cent that it was necessary to feed the dye-free diet 
for 1 week after the first week of dye feeding and, thereafter, to 
feed the dye at a level of 0.049 per cent. In this case, the control 
rats receiving DAB were similarly treated. 


RESULTS 
The carcinogenic activities of the various fluoro 
derivatives of DAB are given in Table 2. A control 
group fed an equimolar level of the unsubstituted 
dye was included in each series. The tumor inci- 
dences in these groups were reasonably consistent. 


4 Holtzman-Rolfsmeyer Rat Company, Madison, Wis. 


interest since only one position of this type (para) 
exists in the prime ring. The only new monofluoro 
dye tested in these experiments was 2-fluoro-DAB 
(group 6), which is also a very active carcinogen. 

All three difluoro dyes, 2’,4’-, 2’,5’-, and 3’,5’- 
difluoro-DAB (Series II and III) proved to be 
strong carcinogens. The 3’,5’-derivative is of spe- 
cial interest, since both equivalent meta prime po- 
sitions are substituted in this molecule. 

Even the most highly substituted dye, 2’,4’,6- 
trifluoro-DAB (Series IV), exhibited a higher de- 
gree of activity than the parent dye. It should be 
noted that both equivalent ortho prime positions 
are substituted in this derivative. In addition, 
blocking the three ortho prime and para prime po- 
sitions should prevent four of the five possible re- 
arrangements which the hydrazo derivative of 
DAB could undergo in vivo (Chart 2). 

Series V was designed to test the possibility that 
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a portion of these fluoro dyes might be metabolized 
to fluoroacetate (cf. 9). This compound is metabo- 
lized to form a specific enzyme inhibitor (2, 20), 
and, hence, if formed, might have a cocarcinogenic 
action which would account for the general high 
activity of the fluoro dyes. Unfortunately, the 
maximum level of sodium fluoroacetate which our 
rats tolerated for extended periods was only 20 
mg/kg of diet; this is only about one-thirteenth of 
the maximum amount of fluoroacetate that could 
be formed from a monofluoro-DAB fed at a level 
of 0.06 per cent. In any event, no effect of the 
added fluoroacetate on the toxicity and carcino- 
genicity of DAB was observed. Furthermore, it 
appears unlikely that the fluoro dyes are metabo- 
olized to significant amounts of fluoroacetate, since 
none of the fluoro dyes appeared to be any more 
toxic than other highly active carcinogenic dyes 
such as 3’-methyl-DAB (12). 

Table 3 contains the approximate activities of 


NH 
Benzidine Semidine 
Rearrangements Rearrangements 


O= positions blocked in 2,4,6-trifluoro-DAB 


Cart 2.—The possible rearrangement products of 4-di- 
methylaminohydrazobenzene. 


the fluoro derivatives estimated as described pre- 
viously (13) and compares these with previous re- 
sults for other substituents (12; 13, 17). 

As noted before for many derivatives of DAB, 
the extent of gross cirrhosis in the livers of the rats 
fed these fluoro derivatives paralleled the observed 
carcinogenic activities. All the tumors continued 
to grow after the period of dye-feeding and even- 


tually caused the death of the animals. Histologi- 
cally, these tumors were similar to those produced 
by DAB.® The detailed pathology in the livers of 
rats fed 4’-fluoro-DAB has been presented else- 
where by Price e¢ al. (21). 


TABLE 3 


THE CARCINOGENICITIES OF VARIOUS RING-SUBSTI- 
TUTED DERIVATIVES OF 4-DIMETHYL- 
AMINOAZOBENZENE* 


2 3 


\ / 


6’ ‘ 

Posi- RELATIVE ACTIVITIES (UNSUBSTITUTED DYE =6) 

TION F- CHs3- Cl- Br- NO2- CF3- HO- 
4/ 10-12 <1 1-2 ot 0 0 
3’ 10-12 10-12 5-6 5f 0 0 
Q’ 7 2-3 Q 3 0 0 
Q >10 0 0 
3 0 
Q’ 4’ >10 0 
2’ >10 0 0 
>10 0 
>10 0 ot 


* Data from Refs. 12, 13, 17, and present paper. 
t Kuhn and Quadbeck (8). 
t Poorly absorbed. 


DISCUSSION 

The very high carcinogenicities of 4’-fluoro- 
DAB, 3’,5’-difluoro-DAB, and 2’,4’,6’-trifluoro- 
DAB furnish strong positive evidence that neither 
the 4’ position nor either of the two pairs of equiv- 
alent positions, (3’,5’) and (2’,6’), can he directly 
involved in the carcinogenic process. Thus, if reac- 
tions essential to the carcinogenic process occurred 
in vivo at these positions, the substitution of fluo- 
rine for hydrogen should have prevented or at least 
hindered the formation of tumors. The high activi- 
ties of the four remaining fluoro derivatives in 
which the prime ring is substituted add further 
weight to this conclusion. Furthermore, the possi- 
bility seems very remote that all or most of the 
prime positions could function equally well in a hy- 
pothetical carcinogenic reaction involving this 
ring. A test of this possibility would involve the 
preparation of prime-pentafluoro-DAB, although 
it is quite likely that excessive substitution with 
fluorine would decrease the over-all reactivity of 
the molecule and give a negative result of little 
value. 

The conclusion that the prime ring of DAB is 
not directly involved in the carcinogenic process is 


in harmony with our studies (10) on the protein- 
bound dye which is formed from DAB in vivo. The 


5 We are indebted to Drs. H. P. Rusch and J. M. Price for 


the histological examination of these tumors. 


ate 


4 
‘ 
7 
% 
: 
4 
A 
2 
a: 
| 
- 
A 
4 
yak 
HoN 4. N 
« 
. 
. 
~ 
~ 
a. ; 


96 | Cancer Research 


prime ring is unaltered in the protein-bound dye 
which, on the basis of several correlations, appears 
to be of causal significance in the carcinogenic 
process induced in the liver. 

The great enhancement of activity noted with 
seven of the eight fluorinated dyes is likely the re- 
sult of at least two factors: (a) the blocking of re- 
actions which normally inactivate a portion of the 
dye fed and (b) the promotion of carcinogenic re- 
actions involving other sites in the molecule, e.g., 
the N-methyl groups (10, 14). For example, the 
high activity of the 4’-fluoro derivative would ap- 
pear to involve chiefly the first factor, since hy- 
droxylation to the noncarcinogenic 4’-hydroxy dye 
(13, 25) is known to occur in the rat liver (18). It is 
of interest that the activity of the extremely weak 
carcinogen, 4-aminoazobenzene, is enhanced by 
substitution of the 4’ position with fluorine. In 
this case, the increased activity may be related to 
the greater ability of the fluoro dye to become 
methylated on the amino group in vivo and subse- 
quently form protein-bound dye (15). 

A previous publication (17) presented the evi- 
dence against the possibility that a benzidine re- 
arrangement (3, 4) of the hydrazo derivative of 
DAB was involved in the carcinogenic process. 
The strong carcinogenic activity of 2’,4’,6’-tri- 
fluoro-DAB now appears to rule out definitely the 
participation of both possible benzidine rearrange- 
ments and two of the three possible semidine re- 
arrangements (Chart 2). The remaining semidine 
rearrangement (No. 5, Chart 2) may not be of im- 
portance in view of the high activity of 2-fluoro- 
DAB. However, the carcinogenic activity of 2,6- 
difluoro-DAB, when obtained, should provide a 
more cogent test of this point. 

The relatively unique effect of fluorine substitu- 
tion in the DAB molecule is seen in Table 3, which 
summarizes the results obtained with derivatives 
(12, 13, 17) that have been tested under compa- 
rable conditions. In particular, note the contrast of 
fluorine with methyl group substitution which 
vields a wide range of activities and a high propor- 
tion of inactive compounds. Similarly, the contrast 
of fluorine with the other halogens is great. Un- 
doubtedly a large number of these differences are 
a result of the small size of the fluorine atom (19). 
On general grounds, interference with a carcino- 
genic reaction could be produced by the larger 
and more complicated groups in any or all of the 
following ways: (a) a purely steric effect involving 
a “poor fit” of the whole molecule, (6) direct block- 
ing of the reaction at the substituted site, (c) de- 
pression of the reactivity of distant vital sites 
through electronic effects, and (d) metabolism of 
the group in situ (e.g., -CHs; to -COOH, -NQ: to 


-NHz:), followed by interference as in a to ec. 

It is unlikely that the fluorine atoms are re. 
moved 2n vivo from these dyes. The fluorine-carbon 
bond is among the strongest known (19), and in 
aromatic rings this bond is known to become labile 
only when strongly negative groups (e.g., -NO,) 
are present in the o- and p-positions. However, 
even on the assumption that splitting of this bond 
does occur in vivo to a greater or lesser extent, it is 
most unlikely that these eight fluorinated dyes 
would have such high carcinogenic activities as a 
result of defluorination at so many different posi- 
tions.® The inability of fluoroacetate at the level 
tested to affect the rate of tumor production by 
DAB argues against the possibility that this sub- 
stance could be a cocarcinogenic metabolite of 
these dyes. 

While it appears that none of the prime posi- 
tions in the DAB molecule are directly involved in 


the carcinogenic process, little is known about the . 


positions on the other ring. Only one fluoro deriva- 
tive, 2-fluoro-DAB, has been tested which in- 
volves any of these positions, although it is of in- 
terest that in this case high carcinogenic activity 
was observed again. In any case, either of the two 
pairs of equivalent positions, (2,6) and (3,5), on 
this ring could be involved in the carcinogenic 
process. Attempts at the synthesis of the corre- 
sponding difluoro dyes and of the remaining mono- 
fluoro dye, 3-fluoro-DAB, are in progress. 

The ability of fluoro substitution to enhance the 
activity of DAB does not appear to be restricted to 
carcinogens of this type. We have recently noted 
in collaborative work with Dr. R. B. Sandin of the 
University of Alberta (16) that 7-fluoro-2-acetyl- 
aminofluorene is a considerably stronger hepato- 
carcinogen in the rat than is the parent compound. 
Again it is of interest that hydroxylation occurs in 
vivo at this para position (1) to yield an inactive 
compound (6). Furthermore, it seems possible that 
more information on the importance of the various 
positions in the carcinogenic polycyclic aromatic 
hydrocarbons could be obtained with fluoro deriv- 
atives than has been possible with the many 
methyl derivatives that have been investigated. 

Probably much useful information could be 
gained by testing the fluoro-derivatives of other 
biologically active molecules. If a fluoro-substi- 
tuted molecule retained considerable activity, then 
the position(s) involved would not appear to 
directly concerned in the mechanism which pro- 


6In a subsequent experiment it has been found that the 
addition of 0.034 per cent of sodium fluoride to a diet contain- 
ing 0.054 per cent of DAB did not alter the tumor incidence. 
This level of fluoride is the amount that could theoretically be 
liberated from an equimolar amount of a difluoro-DAB. 
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duced the observed activity. On the other hand, if 
a fluoro-substitution greatly diminished or de- 
stroyed the activity, then the position in question 
either might be directly involved or might be a 

sition where electronic and possibly steric ef- 
fects of the fluorine atom diminish the effective- 
ness of groups elsewhere in the molecule. This rea- 
soning probably applies best to monofluoro deriva- 
tives or to poly-substituted molecules where only 
enough fluorine atoms are used to block equivalent 
positions. As far as we are aware, the use of fluo- 
rine substitution as an indicator of biologically ac- 
tive or inactive positions is new. 


SUMMARY 

In an investigation on the importance of the 
ring positions of 4-dimethylaminoazobenzene to its 
carcinogenic activity, the following new com- 
pounds were synthesized and tested in the rat: 
2-fluoro-, 2’,4’-difluoro-, 2’,5’-difluoro-, 3’,5’-di- 
fluoro-, and 2’,4’,6’-trifluoro-4-dimethylaminoazo- 
benzene. All these compounds were found to be 
more active liver carcinogens than the parent dye. 
The same finding had been made previously for 
the 2’-, 3’-, and 4’-fluoro derivatives. On the basis 
of these results it appears that no position on the 
prime ring of 4-dimethylaminoazobenzene is di- 
rectly concerned in the carcinogenic process. The 
other ring remains to be investigated by this 
method. 

The results further suggest that the effects of 
systematic fluoro-substitution on the activities of 
other biologically active molecules could furnish 
strong evidence on which positions do or do not 
contribute directly to the activity in question. 
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Book Reviews 


Die Friihdiagnose des Uteruscarcinoms: Histologie, 
Kolposkopie, Cytologie, biochemische Methoden. 2d 
rev. ed. By Pror. Dr. H. Limsure. Stuttgart, Ger- 
many: Georg Thieme Verlag, 1952. Pp. 208. DM 
19.50. 


Within 1 year after the first edition, a second one has 
proved necessary. It is felt that nothing could better 
demonstrate the value as well as the necessity for this 
monograph. Despite all the effort expended to find some 
kind of cure for cancer, nothing has proved to be of 
definite value. Under these circumstances, it is only 
natural for clinicians to concentrate on the means of 
possible prevention and earliest diagnosis. This book, 
therefore, should be extremely useful for the general 
practitioner, as well as for the gynecologist, in his effort 
to diagnose carcinoma of the uterus at a time when 
surgery and radiation therapy are still able to achieve 
good results. 

The major part of this book is concerned with early 
diagnosis from the morphological point of view. From 
the author’s experience, it seems to be a great improve- 
ment to combine the cytodiagnosis (Papanicolaou) with 
colposcopy, including biopsy. The morphological part is 
accompanied by many excellent photographic reproduc- 
tions of histological specimens. 

The concluding part of this monograph, dealing with 
biochemical methods, leaves considerable room for dis- 


cussion. The diagnostic values of measuring anaerobic 
glycolysis of tumor-suspicious tissue still remains some- 
what uncertain. The applicability of the latter method 
is confined to hospitals with special equipment and 
trained personnel for it. 

Hanns Scumrirz 


McArdle Memorial Laboratory 
University of Wisconsin 


Das Phaeochromozytom. By Pror. Dr. H. Sack. Stutt- 
gart, Germany: Georg Thieme Verlag, 1951. Pp. 93. 
Deutschemark 11.70. 


The author presents a well written monograph on the 
pathology and the clinic of the Pheochromocytoma, 
This book seems to be very helpful in the understanding 
of this disease, since the material presented is considered 
from the point of view of pharmacology as well as of 
physiological chemistry. This monograph should be of 
special interest for the clinical pathologist. 


Hanns Scumitz 
McArdle Memorial Laboratory 
Uniwersity of Wisconsin 


Ultraviolet Radiation. By Lewts R. Kouurr. New York: 
John Wiley & Sons, Inc., 1952. Pp. 270. $6.50. 
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INFORMATION FOR AUTHORS 


Manuscripts for Cancer Research must rep- 
resent new and original contributions, not pre- 
viously published, and, if accepted, not to be 
published elsewhere. They should be typed, 
double-spaced, with ample margins, on bond 
paper. The original and one carbon copy should 
be submitted. Manuscript pages should be 
numbered consecutively. Every paper should 
end with a brief, logical swmmary in which the 
points proved by the investigation are outlined. 

Critical reviews on subjects dealing with 
cancer and allied fields will be considered for 
publication in Cancer Research. Such reviews 
should attempt to correlate the various ap- 
proaches to a problem in a manner that will 
indicate the trends and emphasize the aspects 
that require further clarification. Critical 
analyses of the pertinent issues and expressions 
of opinions are encouraged. Preferably, the 
reviews should not exceed 7 pages (6,000 words) 
in length, including references. 

Comments: A limited space will be available 
for the publication of comments on published 
data in the cancer field; they should not exceed 
500 words. Comments written for the presenta- 
tion of new data will not be published. 

The title of the paper should be as short as 
is compatible with a clear indication of the sub- 
ject matter. Chemical formulas should not be 
included in the title. The title of the paper, the 
name of the author (or authors), location, and 
any acknowledgments should appear on a sepa- 
rate page. 

Footnotes should be numbered consecu- 
tively and should appear on a separate sheet. 

Tables should be typed on separate sheets 
and should be numbered. Each must have a 
brief descriptive title. Tables should be ar- 
ranged for vertical position on the page, either 
in single or double column. Every column must 
be supplied with an appropriate heading. 

Illustrations: The preparation of photo- 
graphs, charts, and graphs is_ particularly 
important, and authors are requested to fol- 
low very carefully the directions given below. 

Half-tone illustrations (photomicrographs 
and photographs) are designated figures and 
are printed as plates at the end of each article. 
Figures in moderate numbers will be accepted 
if they are of good technical quality and essen- 
tial for the clarity of the presentation. Plates 
in color and excessive numbers of figures, if 
accepted, will be charged to the author. Only 
clear glossy photographs should be submitted. 
Mount all photographs tightly together on 
white cardboard. Place as many together as 
will make a plate not to exceed 6 X 8% inches. 
Each figure should include the appropriate 
number on a lower corner, and they should be 
numbered consecutively starting with Figure 1. 


Legends for plate figures should be typed sep- 
arately in consecutive order on standard-sized 
paper with the heading “Legends for Figures.” 

Line cut illustrations (graphs and charts) 
are designated charts and are printed in the 
text. These should be numbered in consecutive 
order starting with Chart 1. Charts should 
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